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Abstract
The aim of this work was to investigate silver nanowire as well as carbon nanotube networks
as transparent conducting electrodes for small molecule organic solar cells.
In the framework of the nanowire investigations, a low-temperature method at less than
80 ∘C is developed to obtain highly conductive networks directly after the deposition and
without post-processing. In detail, specific non-conductive organic materials act as a matrix
where the nanowires are embedded in such that a mutual attraction based on capillary forces
and hydrophobic interaction is created. This process is mediated by the ethanol contained in
the nanowire dispersion and works only for sublayer materials which exhibit hydrophobic and
hydrophilic groups at the same time. In contrast to high-temperature processed reference
electrodes (210 ∘C for 90 min) without matrix, a slightly lower sheet resistance of 10.8 Ω/sq
at a transparency of 80.4 % (including substrate) is obtained by using polyvinylpyrrolidone
as the sublayer material. In comparison to annealed silver nanowire networks, the novel
approach yields a performance enhancement in corresponding organic solar cells which can
compete with ITO-based devices.
Furthermore, a novel approach for scalable, highly conductive, and transparent silver
nanowire top-electrodes for organic optoelectronic devices is introduced. By utilizing a
perfluorinated methacrylate as stabilizer, silver nanowires with high aspect ratio can be
transferred into inert solvents which do not dissolve most organic compounds making this
modified dispersion compatible with small molecule and polymer-based organic optoelec-
tronic devices. The inert silver nanowire dispersion yields highly performing top-electrodes
with a sheet resistance of 10.0 Ω/sq at 80.0 % transparency (including substrate) directly
after low-temperature deposition at 30 ∘C and without further post-processing. In com-
parison to similarly prepared reference devices comprising a thin-metal film as transparent
top-electrode, reasonable power conversion efficiencies are demonstrated by spray-coating
this dispersion directly on simple, air-exposed small molecule-based organic solar cells.
Moreover, a deeper understanding of the percolation behavior of silver nanowire networks
has been achieved. Herein, direct measurements of the basic network parameters, including
the wire-to-wire junction resistance 𝑅J and the resistance of a single nanowire 𝑅NW of
pristine and annealed networks have been carried out for the first time. For annealed silver
nanowires (210 ∘C, 90 min) values of 𝑅NW = (4.96 ± 0.18) Ω/𝜇m and 𝑅J = (25.2 ± 1.9) Ω
are obtained. By putting these values into a simulation routine, a good accordance between
measurement and simulation is achieved. Thus, an examination of the electrical limit of the
nanowire system used in this work can be realized by extrapolating the junction resistance
down to zero. The annealed silver nanowires are fairly close to the limit with a theoretical
enhancement range of only 20 % (common absolute 𝑅S ≈ 10 Ω/sq) such that a significant
performance improvement is only expected by an enlargement of the nanowire length or by
the implementation of new network geometries.
In addition, carbon nanotube networks are investigated as alternative network-type,
transparent bottom-electrode for organic small molecule solar cells. For that purpose, clean-
ing and structuring as well as planarization procedures are developed and optimized which
maintain the optoelectronic performance of the carbon nanotube electrodes. Furthermore,
a hybrid electrode consisting of silver nanowires covered with carbon nanotubes is fabri-
cated yielding organic solar cells with only 0.47 % power conversion efficiency. In contrast,
optimized electrodes comprising only carbon nanotubes show significantly higher efficiency.
In comparison to identically prepared ITO devices, comparable or lower power conversion
efficiencies of 3.96 % (in p-i-n stack), 4.83 % (in cascade cell) as well as 4.81 % (in p-n-i-
p architecture) are demonstrated. For an inverted n-i-p stack design, the highest power
conversion efficiency of 5.42 % is achieved.
4
Kurzdarstellung
Ziel dieser Arbeit war es, Netzwerke aus Silbernanodrähten und Kohlenstoffnanoröhren
als transparente leitfähige Elektroden für organische Solarzellen aus kleinen Molekülen zu
untersuchen.
Im Rahmen der Untersuchungen an Nanodrahtnetzwerken konnte ein Niedrigtemper-
aturprozess entwickelt werden, bei dem hochleitfähige Netzwerke direkt im Anschluss an
die Beschichtung und ohne Nachbehandlung bei 80 ∘C und weniger hergestellt werden kon-
nten. Dabei fungieren spezielle organische, nichtleitfähige Materialien als Matrix, in welcher
die Nanodrähte eingebettet sind. Dadurch entsteht eine beiderseitige Anziehung aufgrund
von Kapillarkräften und hydrophober Wechselwirkung. Dieser Prozess wird durch das
Ethanol der Nanodrahtdispersion herbeigeführt und funktioniert nur für Matrixmaterialien,
die sowohl hydrophobe als auch hydrophile Seitengruppen aufweisen. Im Gegensatz zu
Referenzelektroden, welche bei hohen Temperaturen von 210 ∘C für 90 min nachbehandelt
wurden und keine Matrix beinhalten, konnte ein geringfügig niedrigerer Schichtwiderstand
von 10,8 Ω/sq bei einer Transparenz von 80,4 % (inklusive Substrat) mittels Polyvinylpyrroli-
don als Unterschicht erzielt werden. Im Vergleich zu geheizten Silbernanodrahtnetzwerken
ermöglicht die neuartige Nanodrahtelektrode eine Effizienzsteigerung in entsprechenden or-
ganischen Solarzellen, welche mit ITO basierenden Zellen konkurrieren können.
Außerdem wurde ein neuer Ansatz für skalierbare, hochleitfähige und transparente Sil-
bernanodrahtdeckelektroden für organische optoelektronische Bauteile eingeführt. Durch
das Verwenden eines perfluorierten Methacrylats als Stabilisator konnten Silbernanodrähte
mit hohem Aspektverhältnis in inerte Lösungsmittel transferiert werden. Diese lösen die
meisten organischen Materialien nicht an, so dass die modifizierte Dispersion mit optoelek-
tronischen Bauteilen aus kleinen Molekülen oder Polymeren kompatibel ist. Die inerte Sil-
bernanodrahtdispersion ermöglicht leistungsstarke Deckelektroden mit einem Schichtwider-
stand von 10,0 Ω/sq bei 80,0 % Transparenz (inklusive Substrat) direkt nach der Beschich-
tung bei nur 30 ∘C und ohne weitere Nachbehandlungen. Im Vergleich zu gleichwerti-
gen Referenzzellen mit dünnen Metallschichten als transparente Deckelektrode konnten
angemessene Energieumwandlungseffizienzen durch eine direkte Sprühbeschichtung der neuar-
tigen Nanodrahtdispersion unter Atmosphäre auf einfache organische Solarzellen aus kleinen
Molekülen gezeigt werden.
Ferner konnte ein tieferes Verständnis des Perkolationsverhaltens von Silbernanodraht-
netzwerken erzielt werden. Hierzu wurden zum ersten Mal grundlegende Netzwerkparam-
eter wie Kreuzungswiderstand 𝑅J und Widerstand eines einzelnen Drahtes 𝑅NW an unbe-
handelten und geheizten Netzwerken direkt gemessen. Bei ausgeheizten Silbernanodrähten
(210 ∘C, 90 min) konnten Werte von 𝑅NW = (4,96 ± 0,18) Ω/𝜇m und 𝑅J = (25,2 ± 1,9) Ω er-
mittelt werden. Mit Verwendung dieser Messwerte in einer entsprechenden Simulationsrou-
tine, konnte eine gute Übereinstimmung zwischen Messung und Simulation erzielt werden.
Somit konnte eine Betrachtung des elektrischen Limits des in dieser Arbeit verwendeten
Nanodrahtsystems realisiert werden, indem der Kreuzungswiderstand zu Null extrapoliert
wurde. Der Schichtwiderstand der ausgeheizten Silbernanodrähten ist sehr nah am Limit, so
dass theoretischerweiser Verbesserungen von nur 20 % bei üblichen absoluten Schichtwider-
ständen von ca. 10 Ω/sq erzielt und somit signifikante Leistungssteigerungen nur durch
das Verlängern der Nanodrähte oder durch das Anwenden neuartiger Netzwerkgeometrien
umgesetzt werden können.
Zusätzlich wurden Kohlenstoffnanoröhrennetzwerke als alternative transparente leitfähige
Grundelektrode für organische Solarzellen aus kleinen Molekülen untersucht. Dazu wurden
Reinigungs- und Strukturierungs- als auch Planarisierungsprozeduren entwickelt und opti-
miert, welche die optoelektronischen Leistungsdaten der Kohlenstoffnanoröhrenelektroden
beibehalten. Weiterhin wurde eine Hybridelektrode aus Silbernanodrähten und Kohlenstoff-
nanoröhren hergestellt und in organischen Solarzellen implementiert, welche einen geringen
Wirkungsgrad von nur 0,47 % aufweisen. Im Gegensatz dazu zeigen Solarzellen mit opti-
mierten Elektroden aus nur Kohlenstoffnanoröhren signifikant höhere Effizienzen. Im Ver-
gleich zu identischen Zellen mit ITO konnten vergleichbare Energieumwandlungseffizienzen
von 3,96 % (in p-i-n Schichtabfolge), 4,83 % (in Kaskadenzelle) und 4,81 % (in p-n-i-p Ar-
chitektur) gezeigt werden. Für den invertierten n-i-p Schichtaufbau konnte die die höchste
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The world as we know it, is just a single snap-shot of a very long and astonishing history.
More than ten billion years ago, mater developed directly after the big bang and subse-
quently numerous galaxies emerged. In one of those clusters of stellar objects, our solar
system has been created and our beloved planet was born. During the last five billion years,
the earths shape was created and different ways of life developed. First of all, simple life
forms such as sponges and cnidarians populated our planet and later on higher species of
plants and animals evolved. Following the evolution of flora and fauna, humans established
themselves as the highest form of life on earth. Due to their high interest in understanding
the basic laws and rules of nature as well as in more fundamental questions such as “What
holds the universe together at its innermost folds?”, humans influenced and changed the
world quite significantly and rapidly. In particular, in the last 250 years from the beginning
of the industrial revolution, the number of technological advancements seem to be increased
from zero to almost infinity. As life has become more comfortable and secure upon this
inconceivable progress, the population was continuously growing. Nowadays, over seven
billion people populate our plant and the number is still rising rapidly [1]. This immense
growth lead to and will increase the typical problems of our time such as disproportion-
ate distribution of food, free access to basic education, reliable social stability as well as
sufficient medical care and supply with electrical energy. Addressing the lack of providing
electrical energy to all humans on earth, reveals ambitious challenges. Since the population
of our planet and the electrification of our daily life is still growing, the global energy con-
sumption will significantly increase. On the other hand, there is a restricted amount of fossil
fuels on earth. In addition, their combustion is connected to severe exploitation and pollu-
tion of the environment. These arguments motivate a prompt establishment of renewable
energy sources with high power conversion efficiencies and the research on corresponding
advancements as well as the search for efficient alternatives. These circumstances are also
recognized by the German government which passed a law that all nuclear power plants in
Germany must be shut down until 2022 (cf. “Gesetz zur Änderung des Atomgesetzes”, 6th
August 2011). In order to achieve this ambitious aim, the consumption of electricity needs
to be reduced by 10 % and the portion of regenerative energy sources should be doubled
from 17 % to 35 % until 2020 [2].
As generally known, there are various ways to produce electricity from renewable energy
sources. For instance, the energy of streaming wind, flowing water, or the radiation of sun
light can be directly converted into electrical energy. The latter energy conversion can be
realized by means of solar cells. Conventionally, inorganic solar cells made of amorphous
1 Introduction
or crystalline silicon are commonly used. In so-called organic solar cells, small molecules
or long-chained polymers are utilized to efficiently convert the energy of the sun light into
electrical power. The basic principle has been demonstrated by Tang et al. (Kodak) in 1986
who presented the first organic solar cell with an efficiency of one percent [3]. His findings
provide the impetus to a focused research on organic photovoltaics. Today, nearly 30 years
later, Heliatek GmbH (Dresden) demonstrated the current record power conversion efficiency
of 12.0 % for organic solar cells utilizing a triple cell architecture [4]. This device delivers,
for the first time, a higher efficiency than amorphous silicon-based solar cells. Although
15 % are expected in the future, power conversion efficiencies of crystalline silicon solar cells
of currently around 24 % [5] will be theoretically not reachable.
The key advantage of organic photovoltaics is the rather low amount of raw materials
and supplies which are needed for the production. This originates from comparatively high
absorption coefficients of the organic photo-active materials. For instance phthalocyanines
exhibit corresponding coefficients of approximately 105 /cm [6]. Therefore, a 100 nm thick
layer is able to absorb the largest part of the incident sun light. In addition, organic
photovoltaic cells are capable of providing comparable efficiencies under low light intensities
and under elevated temperatures [4]. These properties render the mounting on facades of
buildings, the use in clothes, or pocket calculators as well as the integration in automotive
applications possible (cf. Figure 1.1). For that purpose, the organic thin-films are deposited
on polymeric substrates such as polyethylenterephthalate (PET) films. In this context, the
roll-to-coating (R2R) technique is frequently discussed [7]. This processing method allows for





Figure 1.1: The colorful world of organic photovoltaics (OPV): Building integrated
OPV (left), applications in clothing or automotive (middle), and fully flexible organic
solar cell modules on PET (right and bottom).
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with high throughput. In particular, by using molecular dopants for realizing organic charge
carrier transport layers and by developing broadly absorbing donor materials, highly efficient
single (8.3 %), tandem (9.6 %), and triple junction solar cells (9.7 %) are achieved in the
labs of the Institute for Applied Photophysics (IAPP) [8]. Currently, the spin-off Heliatek
strives to scale up the processing by utilizing a R2R coating machine. Soon they will be
able to deliver cost-efficient, lightweight devices which are fabricated under low process
temperatures and show high fatigue under repeated bending.
In order to achieve fully flexible devices, the device sandwiching electrodes need to be me-
chanically stable under repeated bending. Currently, aluminum and indium tin oxide (ITO)
are commonly used as opaque top-electrode and transparent bottom-electrode, respectively.
While aluminum is sufficiently flexible, ITO is an oxide material which easily cracks under
mechanical stress [9]. Therefore, the search for alternative transparent electrode technolo-
gies started revealing several possible replacements such as thin metal layers [10], carbon
nanotubes [11,12], graphene sheets [13], highly conductive PEDOT:PSS [14,15] or percola-
tive networks made of randomly distributed metallic nanowires [16–18]. In particular, silver
nanowire electrodes show outstanding properties on flexible substrates, in the way that
they exhibit an equal optoelectronic performance to ITO on glass. For instance on PET
substrates, corresponding films exhibit a sheet resistance of 13 Ω/sq and a transparency
of 93.5 % (without substrate) while being stable more than 1000 bending cycles at a fixed
radius of 1.5 mm [19].
In the course of this work, further advancements, novel approaches, and a deeper un-
derstanding of transparent, large area, and flexible electrodes made of randomly distributed
silver nanowire networks are presented. Additionally, carbon nanotube networks are investi-
gated as alternative network-type transparent conduction electrode. After characterization
and optimization, both electrode systems are implemented in small molecule organic solar
cells utilizing the long-term experience of the IAPP.
First of all, the fundamentals of organic semiconductors and organic solar cells are de-
scribed in Chapter 2. Starting from aromatic molecules in Section 2.1.1, it is explained how
an organic compound needs to be characterized to show semiconducting properties (cf. Sec-
tion 2.1.2). Furthermore, excitation with light (cf. Section 2.1.3), charge carrier transport
phenomena (cf. Section 2.1.4), and doping in organic semiconductors (cf. Section 2.1.5) are
discussed. Based on the description of organic semiconductors, organic solar cells can be
developed from the well-know pn-junction in inorganic semiconductors (cf. Section 2.2.1).
In contrast to solar cell utilizing inorganic semiconductors, there are specific differences in
organic cells which are described in Section 2.2.2 about a purely diffusion-driven solar cell.
In Section 2.2.3 the typical structure of organic solar cells used in this work is shown and in
Section 2.2.4 the characteristic parameters which can be extracted from the current-voltage-
characteristics are explained.
In the following Chapter 3 an overview on transparent conducting electrodes and metallic
nanowires is given. For that purpose, essential requirements for transparent electrodes
are identified in Section 3.1.1 and state-of-the-art transparent conducting electrodes are
presented in Section 3.1.2. In this connection, also the theoretical background of percolation
in stick networks is given in Section 3.2.1. Subsequently, it is shown how this knowledge
can be applied to real nanowire networks (cf. Section 3.2.2). Furthermore, the synthesis of
silver nanowires and the specialties of metallic nanowires are described in Section 3.2.3 and
Section 3.2.4, respectively.
In Chapter 4 the deployed materials for electrodes cells are introduced, the sample
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preparation is described and the experimental characterization methods are explained.
The results are divided into four separate chapters. In Chapter 5 a facile way to reduce
the high post-processing temperatures commonly involved in the nanowire electrode fabri-
cation is demonstrated. Typically, high temperatures of around 200 ∘C are used to increase
the initially low conductivity of nanowire networks. However, these are detrimental for
processing on flexible polymer films such as PET. In order to circumvent this, matrix as-
sisted low-temperature fusing of silver nanowires is introduced. This technique yields highly
conductive transparent nanowire electrodes by using temperatures lower than 80 ∘C. Fur-
thermore, it is demonstrated that these novel electrodes can be successfully implemented in
organic solar cells. In Chapter 6 a completely new approach of processing metallic nanowire
top-electrode for small molecule-based organic solar cells is shown. By using spray-coating
and a modified nanowire dispersion, silver nanowires can be deposited from solution onto
an evaporated small molecule solar cell without dissolving the corresponding device stack.
The simple cells show reasonable efficiency which is similar to a reference device. In Chap-
ter 7 a basic network study on silver nanowires is carried out. In particular, the network
parameters junction resistance and resistance of a single nanowire are directly measured for
the first time. By utilizing a self-programed network simulation routine, the corresponding
measurement data is correlated with the simulation results. Thereby, a good accordance
is achieved which allows a prediction of the electrical limit of nanowire networks. Beside
silver nanwires, also carbon nanotube networks are investigated regarding the implementa-
tion in organic solar cells (cf. Chapter 8). In this connection, an intense characterization
and optimization of the carbon nanotube electrode is carried out. The optimized electrode
is incorporated in various stack architectures to guarantee a large number of application
possibilities.
Finally, the results are briefly summarized and concluded in Chapter 9 as well as an





2 Fundamentals of OrganicSemiconductors
The focus of this thesis is the optimization of silver nanowire networks as
transparent conducting electrodes for organic solar cells. This chapter pro-
vides a comprehensive description of the fundamentals of organic semicon-
ductors (mainly following references [20–22]) and the application of organic
semiconductors in organic solar cells which are presented in Section 2.1 and
Section 2.2, respectively.
2.1 Organic Solids and Semiconductors
Organic semiconductors are solids showing semiconducting properties which consist of or-
ganic molecules. The chemical structure of such molecules is mainly based on carbon and
hydrogen atoms, where some of the carbon atoms can be replaced by so-called hetero atoms
like nitrogen, oxygen, or sulfur.
Organic solids are characterized by weak intermolecular bindings, so-called “van der
Waals bonds”, having very low binding energies of 𝐸B ≈ 0.1 eV/atom [23]. In contrast,
bindings in inorganic solids are dominated by covalent or ionic interactions, having binding
energies of 𝐸B ≈ 3-8 eV/atom [23]. These comparatively high energies are mainly based on
free valence electrons shared between atoms to saturate the corresponding valence orbitals.
Van der Waals bonds originate from fluctuating dipole moments in neutral molecules, in-
ducing a polarization, which enables the interaction between the molecules. The attracting
forces depend on the polarizability and arrangement of the molecules. Typically, the van
der Waals interaction is stronger when the distance is smaller and there is a large effective
area between molecules. As an approximation, one can assume an assembly of molecules
by a single molecule superimposed with a slight perturbation. This is the reason for be-
ing called “oriented gas” [20]. The individual properties of a single molecule are nearly
conserved in organic solids because of stronger intramolecular forces in comparison to the
intermolecular interactions. Accordingly, not only single molecules but also organic solids
show low conductivities, small dielectric constants, low melting and boiling temperatures,
and are typically soft crystals [20].
2.1.1 Aromatic Molecules
Organic semiconducting solids mainly consist of molecules having a delocalized conjugated
𝜋 electron system where the valence electrons are sp2-hybridized.
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Figure 2.1: Energetic shift of 2s- and 2p orbitals for a sp2 hybridization in comparison
to the ground state of a carbon atom. The hybridized orbitals are lying energetically in
between the initial 2s and 2p orbitals while one 2p orbital stays unchanged. Consequently,
the sp2 hybridization enables an energetical stabilization of the molecule.
While free carbon atoms have an electron configuration of 1s22s22p2, a sp2 hybridization
arises from a mixing of one s and two p orbitals, whereas three degenerated orbitals are
formed. The remaining pz orbital stays unchanged as depicted in Figure 2.1.
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Figure 2.2: (a) Illustration of a sp2 hybridization in ethylene. 𝜎 and 𝜋 orbitals are
formed between both carbon atoms. (b) Delocalization of 𝜋 electrons in the aromatic
molecule benzene.
The three degenerated orbitals are localized, coplanar, and arranged at the corners of
an imaginary equilateral triangle resulting in angles of 120∘ between each of them. These
orbitals form so-called 𝜎 bonds with adjacent, e.g., carbon or hydrogen atoms. The pz
orbitals are oriented perpendicularly on the plane of the 𝜎 bonds. If neighboring pz orbitals
have overlapping areas, an additional bond, the so-called 𝜋 bond is formed. Figure 2.2
illustrates the formation of molecular orbitals in (a) ethylene (b) or benzene, in which the
𝜋 electrons are delocalized over the entire molecule. The delocalized electron density can
cause an energetic stabilization. In this case, the corresponding molecule is called aromatic.
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The geometric overlap of pz orbitals is smaller when compared to the overlap of 𝜎 orbitals.
Figure 2.3 displays how this leads to a smaller energy level splitting for the 𝜋 orbitals.
Consequently, the highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) are formed by these orbitals. The resulting energy gap of the
organic semiconductor is equal to the energy difference between the binding 𝜋 and the anti-
binding 𝜋* orbital. Typical electronic excitation energies lie in the range of a few electron
volts (1-3 eV). Hence, aromatic molecules absorb and luminesce primarily in the visible















Carbon atom Aromatic molecule
Figure 2.3: Energetic position of the energy levels by assembling single carbon atoms to
an aromatic molecule after [24]. Due to a larger overlap of the respective wave functions,
the energy levels of the sp2 hybridized orbitals are more strongly split than the levels of
the pz orbitals. Therefore, the characteristic energy gap 𝐸g is formed by the energy levels
of the 𝜋 electrons. The bordering orbitals are named HOMO (highest occupied molecular
orbital) and LUMO (lowest unoccupied molecular orbital).
Furthermore, the delocalized 𝜋 electron system enables a high electron mobility, which is
strongly dependent on the orbital overlap of neighboring molecules. Macroscopic properties
like charge carrier transport or absorption are anisotropic due to the low crystal symmetry
[25], but can be easily changed by a purposeful usage of hetero atoms.
2.1.2 Organic Molecular Solids
As previously mentioned, the macroscopic properties of a solid are nearly identical to those
of a single molecule. Nevertheless, there are some specific differences for the transition from
a single molecule to an organic molecular solid, especially regarding the respective energy
levels. Figure 2.4 illustrates how the mentioned energy levels are changed upon the tran-
sition from a single molecule, via a perfect organic crystal to a disordered organic solid.
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Figure 2.4: Change of the typical energy levels HOMO and LUMO for the transition
from a single organic molecule to a disordered solid after [20]: In perfect organic crystals
the polarization molecules (𝑃𝑒 for electrons and 𝑃ℎ for holes) needs to be taken into
account. In contrast, typical organic solids are disordered. Therefore, the discrete energy
levels are smeared out, resulting in a Gaussian distribution for the density of states
(DOS).
A single molecule exhibits strictly defined energetic positions for the frontier molecular
orbital levels HOMO and LUMO, originating from the molecular structure and the corre-
sponding electronic interactions inside the molecule (cf. Section 2.1.1). If single molecules
form an organic crystal, the HOMO is shifted upward and the LUMO downward due to
polarization effects. The polarization originates from different time constants for dwelling
and relaxation in organic solids. The mean dwell time of a charge carrier on a certain
molecule 𝜏h ≈ 10−14 . . . 10−12 s [26] is larger than the electric relaxation time of a molecule
𝜏e ≈ 10−16 . . . 10−15 s [26]. The polarization stabilizes the transport state and lowers its
energy by the polarization energy 𝑃 ≈ 1.5 eV [26]. Generally, the polarization energy is
different for holes 𝑃ℎ and electrons 𝑃𝑒. The newly formed transport levels are only slightly
broadened by the polarization. Due to their different origin, they are no longer denoted as
HOMO and LUMO. Instead, they are named after the amount of energy which is needed to
lift an electron upon ionization of a molecule into the free space 𝐸vac and after the amount
of energy which is gained by attracting an electron. Consequently, the energy levels are
denoted as ionization potential (IP) and electron affinity (EA), respectively. HOMO and
LUMO are commonly used terms instead of the correct denotation IP and EA; the former
terms will be used in this thesis. A typical organic molecular solid is rather disordered,
exhibiting generally amorphous and rarely exceeding nano-crystalline character. There-
fore, the single molecules do not share the same polarization environment. Consequently,
the transport levels of the respective organic molecular solid are smeared out, following a
statistical behavior usually well described with a gaussian distribution [20].
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2.1.3 Light Excitations and Excitons in Organic Semiconductors
In principle, the excitation of semiconductors can be realized in different ways. For instance,
besides thermal and electric stimulation, the most prominent way to excite a semiconductor
is to shine light on it. Hence, a so-called “exciton” is generated. Excitons are quasi particles
describing bound and neutrally charged electron hole pairs. They enable the understanding
of all the basic processes taking place in a semiconductor upon interaction with light.
The typical excitation and relaxation processes in organic semiconductors are illustrated






































































Figure 2.5: Optical excitation and relaxation processes in organic semiconductors: Un-
der absorption of a photon with a sufficient amount of energy, the molecule is excited
from the ground state 𝑆0 to a vibronic level (𝑣) of higher a lying singlet state 𝑆n(𝑣 > 0).
Subsequently, an electron firstly non-radiatively relaxes back to 𝑆n(𝑣 = 0) via internal
conversion (IC) and then back to 𝑆0 under a fluorescent emission of a photon. Further-
more, an excited electron can be converted into a triplet state 𝑇n via inter system crossing
(ISC). Here, the radiative transition back to the ground state is called phosphorescence.
state 𝑆0 (𝑣 = 0). According to the Pauli principle, the electrons are antiparallelly paired
exhibiting a total spin of 𝑆 = 0. The molecule can be exited within an attosecond timescale
to an energetically higher lying singlet state 𝑆n by the absorption of a photon carrying
a sufficient amount of energy. The corresponding transition usually takes place between
the vibrational 𝑣 = 1, 2, . . . (or rotational) fine structure, since these transitions are very
fast. The exact path the electrons follow during their excitation, as well as during their
relaxation, is determined by the Franck-Condon principle. Here, a transition between the
vibrational fine structure levels of a molecule is most likely, if the respective wave functions
are significantly overlapping. Consequently, electrons are always lifted to higher excited
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vibrational levels (𝑣 > 0) of the singlet state. For example, after the excitation to 𝑆1(𝑣 = 4),
the electron relaxes non-radiatively to the lowest vibrational level 𝑆1(𝑣 = 0) by transferring
thermal energy to the phonons. This process is called internal conversion (IC) and takes
place on a ps timescale. Subsequently, the electron returns to the ground state under the
re-emission of a photon. This so-called fluorescence takes place on a slower timescale ( ns)
than the IC. Consequently, an electron is always emitted from 𝑆n(𝑣 = 0) (Kasha’s rule)
causing energy losses, deposited in the vibrational fine structure, which lead to a red-shift
in the emission spectrum (Stokes shift). During the whole process of absorption, IC, and
fluorescence, the total spin is conserved (𝑆 = 0). However, in organic molecules, also a non-
radiative change in the spin multiplicity (𝑆 = 0 → 𝑆 = 1) is possible. This less probable
transition, denoted as inter system crossing (ISC), originates from spin-orbit coupling in the
molecule and leads to the formation of triplet states 𝑇n where the spins of the electrons are
oriented in parallel. Subsequent to the transfer into a triplet state, the electron relaxes back
to the ground state 𝑆0 via ISC. Thereby, again a change in spin multiplicity takes place
(𝑆 = 1 → 𝑆 = 0). The relaxation from a triplet state back to the ground state is called
phosphorescence and happens on a comparatively long timescale of 𝜇s to hours [27].
Organic semiconductors differ strongly in the type of exciton from inorganic semicon-
ductors, which arises from different sorts of bonds in inorganic and organic solids. Inorganic
semiconductors, such as for instance silicon or germanium, are characterized by strong co-
valent bonds, which cause large dielectric constants (silicon: 𝜀r ≈ 11.7 [23]). Assuming a
Coulomb attraction between two charged particles, one can approximate small attracting
forces, and therefore also small binding energies in the range of milli electron volts (silicon:
𝐸B ≈ 30 meV [23]). Therefore, these so-called “Wannier excitons” can easily be split by ther-
mal excitation at room temperature (𝐸RT ≈ 25 meV). In addition, the distance 𝑑 between
electron and hole is approximately 𝑑 ≈ 100 Å, which is one order of magnitude larger than
the typical lattice constant in inorganic solids of around 𝑑 ≈ 10 Å [20]. Consequently, the
Wannier exciton is delocalized over several lattice distances. Therefore, it can be regarded
as a quasi-free particle.
In contrast, the characteristic interaction between molecules of an organic semiconductor
is the distinctly weaker van der Waals interaction. As a consequence, the dielectric con-
stants are considerably smaller (C60: 𝜀r ≈ 5, 1). Therefore, the so-called “Frenkel excitons”
exhibit higher binding energies of approximately 𝐸B & 0.5 eV [28]. Consequently, thermally
activated splittings are not possible. Furthermore, one can conclude that Frenkel excitons
are localized on the excited molecules. Figure 2.6 schematically depicts both the Wannier
and Frenkel exciton. Despite its strong localization, the Frenkel exciton is able to transfer
energy from one molecule to another by diffusing as a neutral and excited state within the
solid. In this connection, there are two possibilities:
On the one hand the exciton can recombine. The radiation emitted in this process can be
reabsorbed by an adjacent molecule and is used to generate a new exciton. The stronger the
overlap between the fluorescence and absorption spectra, the more efficient this mechanism
is. On the other hand, a non-radiative recombination can occur in case of the presence of
two excitons which are resonantly related to one another. Here, the energy released by the
recombination needs to be slightly larger than that energy which is required for forming
another exciton. Depending on the distance between two adjacent molecules, the long-
range “Förster transfer” [29] (𝑑 ≈ 50-100 Å [30]) or the short-range “Dexter transfer” [31]
1measured by Dr. Lorenzo Burtone (IAPP)
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(b) Frenkel exciton(a) Wannier exciton
Figure 2.6: Typical types of excitons after [20]: (a) A “Wannier exciton” being delo-
calized over several lattice distances in an inorganic solid. (b) A “Frenkel exciton” being
localized on a distinct molecule and primarily occurring in organic solids.
(𝑑 ≈ 5-10 Å [30]) come into consideration. For the Förster transfer, the energy is propagated
via a dipole-dipole interaction between donor and acceptor molecule. In this process, the
excited donor 𝐷* induces an oscillation in the acceptor 𝐴. Figure 2.7 illustrates the spin
conservation for the Förster transfer. In general, only singlet-singlet transitions are possible.
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Figure 2.7: Spin conservation for the “Förster transfer”. The spin is conserved for the
donor and the acceptor, respectively.
For the Dexter transfer, the energy propagates via an electron exchange. For that
purpose, the wave functions of the donor and acceptor need to overlap. Figure 2.8 depicts
that in this process, the total spin of the donor acceptor system is conserved. Therefore,
predominantly triplet triplet transitions are expected.
A more detailed description of excitonic processes can be found in [20] and [30].
2.1.4 Charge Carrier Transport in Organic Semiconductors
An efficient transport of charges within a certain material is only realizable if free charge
carriers, in particular electrons or holes with high mobilities, are present in a preferably
numerous quantity. Thus, the equation for determining the conductivity ?̂? of a solid is as
follows:
?̂? = 𝑞𝑛?̂?. (2.1)
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Figure 2.8: Spin conservation for the “Dexter transfer”. The total spin of the donor
acceptor system is conserved.
Here, the charge is denoted by 𝑞, which equals −𝑒 for electrons and +𝑒 for holes, where 𝑒
is the elementary electric charge. In addition, the charge carrier density is denoted by 𝑛
and the charge carrier mobility by ?̂?. In the most general case of an anisotropic solid, the
conductivity ?̂? and the mobility ?̂? are represented by second-order tensors. By means of
the conductivity, one can formulate the “Ohmic law”:
?⃗? = ?̂?𝐹 . (2.2)
In this equation, the physical quantities current density ?⃗? and electric field 𝐹 are linked via
the conductivity. The charge carrier mobility connects the electric field 𝐹 with the drift
velocity ?⃗?D of the charge carriers as follows:
?⃗?D = ?̂?𝐹 . (2.3)
The three Equations 2.1, 2.2, and 2.3 enable a detailed description of the typical charge
carrier transport phenomena in solids. Examined in more detail, the typical transport
quantities like the conductivity and the mobility strongly depend on temperature, charge
carrier density, and external electric fields for organic semiconductors. For instance, the
mobility in high-purity aromatic molecular crystals decreases upon an increase in temper-
ature. In contrast, an inverse behavior can be observed in disordered organic solids [20].
This phenomenon can be explained by different transport mechanisms of the charge car-
riers. In high-purity organic solids, the transport is primarily determined by the so-called
“band transport”, which can be described by the model of Felix Bloch [32,33]. In disordered
organic solids, the charge transport is dominated by the so-called “hopping transport”. In
the past decades, several models have been developed to describe the hopping-based charge
transport [26]. Here, only the simple “Percolation model” and the most popular “Bässler
model” will be briefly sketched.
Bloch model
Felix Bloch describes, in his publication from 1928, the movement of electrons within a
solid [34]. They do not interact among each other but under the influence of a “force field”,
which exhibits the same periodicity as the lattice of the solid’s crystal. Consequently, the
wave function of the electron, denoted as “Bloch wave”, is modulated by a function having
the same periodicity as the lattice of the solid. Therefore, electrons exhibit an assigned
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momentum and stay only in distinct energy areas, the so-called “bands”. In addition, there
are forbidden energetic areas, the so-called “band gaps,” where no electrons are staying.
In case of a perfect single crystal, an infinite conductivity is expected. However, finite
conductivities are observed in real solids and are a result of deviations from the perfect
crystal structure. This can be caused, for instance, by defects in the crystal or vibrations
of the atomic cores around their rest position. Accordingly, the mobility and the mean free
path of electrons and holes are decreased by an increase in temperature 𝑇 . In case of a
scattering at acoustic phonons, the decrease of the mobility follows in a first approximation
𝜇 ∝ 𝑇 −3/2 [23].
Percolation model
A first approach for a description of disordered organic solids was suggested by Miller and
Abrahams in 1960 [35]. Since wave functions of neighboring molecules only weakly overlap
in disordered organic solids, Miller and Abrahams suppose that charges are transported
via a phonon-assisted tunneling from molecule to molecule. Consequently, the assumptions
made for the band transport according to Bloch are no longer valid. The electrons can move
freely only in discrete levels. Therefore, electrons are not scattered at defects in the crystal
but at every single molecule. For this reason, the mean free path of the electrons lays in
the range of the dimension of the lattice constant. The electrons are localized on a certain
molecule. A network of randomly distributed resistors represents the activation energy that
needs to be overcome by the charge carriers to “hop” to a surrounding molecule. Thereby,
an external electric field is stimulating the movement of the charge carriers which do not
exclusively hop to the nearest neighbor, since another path can be energetically favorable.
Bässler model
Using the assumptions of Miller and Abrahams (cf. percolation model), the model of Bässler
suggests a Gaussian-like distribution of the molecular energy levels, which can be described










being located around 𝐸0 and exhibiting a width of 𝜎. In case of an externally applied
electric field 𝐹 , an additional gradient in the distribution needs to be taken into account.
The respective process is illustrated in Figure 2.9.
Hopping of a charge carrier between two molecular hopping sites 𝑖 and 𝑗 is defined by
the hopping rate 𝜈𝑖𝑗, already known from the percolation model of Miller and Abrahams
(cf. percolation model)









, 𝐸𝑗 − 𝐸𝑖 − 𝑒𝐹Δ?⃗?𝑖𝑗 > 0
1, 𝐸𝑗 − 𝐸𝑖 − 𝑒𝐹Δ?⃗?𝑖𝑗 < 0
. (2.5)
Here, the prefactor 𝜈0 denotes the so-called “attempt-to-jump frequency” considering the
overlap of the molecules’ wave functions. While Δ𝑅𝑖𝑗 denotes the spatial distance, 𝑎 speci-
fies the average spatial distance between the sites 𝑖 and 𝑗 with their corresponding transport
levels 𝐸𝑖 and 𝐸𝑗, respectively. The value 𝛾 is the constant of the exponentially decaying
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Figure 2.9: Illustration of the one dimensional hopping transport of an electron under
influence of an external electric field 𝐹 after [20].
wave function, in particular, the inverse Bohr radius for hydrogen-like wave functions. The
product 𝑒𝐹Δ?⃗?𝑖,𝑗 expresses the difference of the additional electrostatic energy of the molec-
ular hopping sites in presence of the electric field 𝐹 . Following Equation 2.5, a thermal
activation of a hopping process onto an energetically higher state is defined only by the en-
ergy between the respective field depending transport sites. Here, no other activation energy
is required. Hopping to energetically lower transport sites does not require any activation
(𝜈𝑖𝑗 ̸= 𝜈𝑗𝑖). The overlap parameter 2𝛾Δ𝑅𝑖𝑗 is a Gaussian distribution as well. Its respective
width Σ and the width 𝜎 of the diagonal energetic disorder 𝐺(𝐸) (cf. Equation 2.4) are the
most important parameters of the Bässler model for the hopping transport in disordered
organic molecular solids. However, a fully analytical solution for the mobility can not be
computed. Therefore, an exemplary sample with 70 × 70 × 70 hopping sites was assumed
and the charge transport was simulated by means of the Monte Carlo method. As a result,
the temperature dependent mobility 𝜇(𝑇 ) for low external electric fields was expressed by
Bässler as follows:





The prefactor 𝜇0 denotes the mobility of a hypothetically disorder-free semiconductor at
the temperature 𝑇 → ∞. Besides the temperature dependency, disordered organic solids
also show a characteristic dependency on external electric fields. By evaluating numerous
experimental data sets of disordered organic semiconductors, a general form for the mobility
can be deduced which is denoted after Poole and Frenkel according to their similar law from
1938 [37]







In the equation above, 𝜇(𝑇, 𝐹 = 0) denotes the mobility without an external electric field and
𝛽 the field amplification factor, which is strongly dependent on, and usually decreases, with
temperature. Hence, the mobility in disordered organic solids increases upon an increase
in temperature. This behavior is observed for instance in corresponding experiments on a
disordered layer comprising (4-N,N-diethylamino-2-methylphenyl)-4-methylphenylmethane
(MPMP) molecules [20].
Further investigations show additional effects, significantly influencing the charge carrier
transport. For instance, space charge limiting currents are observed in low-mobility materi-
als, where charges easily tend to accumulate, forming a counterfield which acts as a barrier
for charge injection and transport. These currents are linked via a quadratic dependence to
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the external electric field [20,38]. The mobility is also significantly influenced by high charge
carrier densities, 𝑛, as it is the case for doped and illuminated layers, or in particular, for
organic field effect transistors (OFETs). Generally, the mobility is higher for higher charge
carrier densities, since the energetically lower sites with effectively lower mobilities are nearly
fully filled and mainly higher lying sites with effectively higher mobilities contribute to the
overall charge transport [20, 36,39–43].
Additionally, polarization of a molecule in presence of a free charge carrier needs to
be considered. This effect is not included in the model of Bässler since it is only a one
particle formalism. For the consideration of polaronic effects in organic solids, one needs to
introduce an additional term [39,44]. As previously stated in Section 2.1.2, the polarization
stabilizes the transport state and lowers its energy by the polarization energy 𝑃 . Thereby, a
propagating charge carrier is inducing dipoles in the surrounding molecules and is trailing a
“polarization cloud” behind its track. The charge carrier and its corresponding polarization
cloud is denoted as “polaron”.
Band or hopping transport?
The transition between band and hopping transport is not unambiguously specified. How-
ever, it can be estimated via the mean free path of the charge carriers. In case of a mean
free path being approximately in the range of one lattice constant, the transport mechanism
is most likely determinded by hopping. For large values, one can act on the assumption
that, the transport is dominated by band conduction. The transition between the afore-
mentioned transport mechanisms can be shifted by means of the material purity. A higher
defect concentration results in a lower transition temperature between the band and hop-
ping conduction. The mobilities of band conducting materials generally lie several orders
of magnitude over those materials exhibiting hopping transport. For instance, the mo-
bility of a 370 nm thick and high-purity perylene crystal exhibits an electron mobility of
𝜇n ≈ 10 cm2/Vs and a 8.7 𝜇m thick and disordered layer consisting of MPMP molecules
shows hole mobilites of 𝜇p ≈ 10−5 cm2/Vs [20].
2.1.5 Doping of Organic Semiconductors
Previous works at IAPP have shown that the conductivity of organic solids can be consider-
ably improved by doping [45]. In the same manner as for inorganic semiconductors, a n-type
doping is realized by an excess of electrons in the conduction band (LUMO) and a p-type
doping by an excess of holes in the valence band (HOMO). In due consideration of Equa-
tion 2.1, the expected enhancement of the charge carrier density 𝑛 upon doping results in a
rise of the conductivity ?̂?. In inorganic semiconductors, doping is realized by intentionally
adding impurities by means of foreign atoms. Generally, organic semiconductors are molec-
ularly doped. Technologically, a matrix molecule is co-evaporated with a molecular n-type
or p-type dopant [46,47]. Typically, doping concentrations of 3-10 wt.% (weight percent) are
used, which causes an increase of the conductivity from around 10−10 S/cm [47] by several
orders of magnitude to 10−5 or up to nearly 10 S/cm [48]. Recently, solution-processable
dopants are also investigated, which are dissolved in the desired ratio with a matrix molecule
and subsequently sheared on the sample [49]. Additionally, doping enables quasi-ohmic con-
tacts at semiconductor metal interfaces or it improves the energy level alignment between
adjacent organic layers since the Fermi level of a matrix materials is shifted from the center
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of the energy gap toward the corresponding charge transport levels [50–54]. Thereby, the
space-charge region (SCR) is distinctly thinned, which allows the charge carriers to tunnel
through this barrier.
In an intrinsic semiconductor, free charge carriers can be generated by thermal excitation
from the material (𝑀) itself
𝑀𝑀𝑀𝑀 
 𝑀𝑀+𝑀−𝑀. (2.8)
An extrinsic semiconductor is blended with molecules (𝐼), which either spend (donors 𝐼D)
or receive (acceptors 𝐼A) electrons
𝑀𝐼D𝑀𝑀 
 𝑀 [𝐼+D 𝑀−]𝑀 (2.9)
or
𝑀𝐼A𝑀𝑀 
 𝑀 [𝐼−A 𝑀+]𝑀. (2.10)
In organic solids, no free charge carrier is generated since these materials exhibit comparably
high dielectric constants, resulting in a strong coulombic attraction force between the ion
pairs [𝐼+D 𝑀−] or [𝐼−A 𝑀+], respectively. These bound pairs are denoted as charge transfer
states (CT states). Their binding energies lie in comparable ranges as the binding energy of
Frenkel excitons. Therefore, this bonding can not be overcome by thermal excitations. In
fact, it is a complex many-body reaction, in which the relaxation energies of the free charge
carriers is larger than that of the CT states. Consequently, forming of polarons supports
the charge carrier dissociation [24].
𝑀 [𝐼+D 𝑀−]𝑀𝑀𝑀 
 𝑀𝐼+D 𝑀𝑀𝑀−𝑀. (2.11)
Doping of organic semiconductors is not yet fully understood and is still subject of ongoing
research. One peculiarity is the understanding of why comparably high doping ratios are
needed for organic semiconductors. These lie around three orders of magnitude higher than
those typically used for inorganic semiconductors.
As aforementioned, n-type doping generally occurs by generating excess electrons in the
LUMO of the matrix molecule. In the simplest case, the HOMO of a potential n-type
dopant lies energetically higher than the LUMO of the matrix molecule. This promotes the
transition of electrons from the HOMO of the dopant to the LUMO of the matrix. This
process is illustrated in Figure 2.10, in which C60 and W2(hpp)4 are exemplarily used as
matrix and dopant molecules, respectively. The molecule W2(hpp)4 is a typical example
for a highly efficient n-type dopant with an extremely high-lying HOMO and is used as
standard n-type dopant in this work. Due to the high-lying HOMO of n-type dopants,
these dopants are usually not air stable, since the respective energy levels are close to the
oxidation potential of oxygen (ca. 3.7 eV [55]). Therefore, n-type dopants need to be stored
and handled in inert atmospheres, for instance in nitrogen or in a vacuum chamber, which
increases the effort during the preparation and processing of corresponding layers.
Therefore alternative n-type dopants have been developed. On the one hand, air-stable
cationic salts are used [46]. Here, the electron transfer is facilitated by light or temperature-
activated radical formation of the cationic salt [56]. Actually, the HOMO of the salt lies
deeper than the LUMO of the matrix. However, the additional energy input is used to dope
the matrix and furthermore to subsequently transform the non-stable salt into a stable
and non-radical material. Consequently, the matrix is permanently doped. A detailed
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Figure 2.10: N-type doping by means of a dopant with extremely high-lying HOMO. An
electron transfer from the HOMO of the dopant W2(hpp)4 to the LUMO of the exemplarily
shown matrix material C60 is illustrated.
investigation has proven this mechanism by FTIR measurements, and has furthermore
shown that a complete charge transfer takes place at which not all of the molecules are
involved [56]. In contrast, for p-type doping of zinc phthalocyanine (ZnPc) with tetrafluoro-
tetracyanoquinodimethane (F4-TCNQ), all dopand molecules contribute to the doping by
only incompletely transferring holes on the matrix [57]. On the other hand, alkali metals
are used and respective layers are already applied in the 1990s in the first OLEDs [58–60].
Here, alkali metals like lithium or cesium are evaporated between the last organic layer and
the metallic top-electrode. Thereby, these atoms diffuse inside the organic layer and donate
their single valence electron. Nevertheless, the alternative n-type dopants can only be used
in some special cases, since they usually show lower doping efficiencies, and in particular
the active layers suffer from the diffusing alkali metal [61].
2.2 Organic Solar Cells
In 1954, workers at Bell laboratories investigated a rectifier made of silicon [62]. By chance,
they noticed that this device provides a higher current when targeted to the sun instead
of being covered with a cloth. This was the birth hour of the solar cell. Since that time,
permanent advancements were made, leading to a development of much more complex,
state-of-the-art solar cell structures and a high variety of technologies. Nonetheless, the
pn junction of inorganic semiconductors, which was invented and understood for the first
time by Shockley, Brattain, and Bardeen in 1947 [63], is sufficient for a basic description of
organic solar cells.
2.2.1 The pn-junction of Inorganic Semiconductors
A pn junction is obtained by combining a p-doped semiconductor with its n-doped coun-
terpart. Figure 2.11 illustrates the energetic processes taking place in such a device. Before
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attaching both doped layers, there are primarily free holes in the p-doped and likewise free
electrons in the n-doped region (cf. Figure 2.11 (a)). By combining both oppositely doped
semiconductors as depicted in Figure 2.11 (b), a diffusion current emerges from the resulting
concentration gradient between holes and electrons. Consequently, free holes diffuse into
the n-doped and free electrons into the p-doped region. Thus, charge carriers recombine at
the interface and the typical band bending is observed. The band bending is a result of
matching Fermi levels 𝐸F of the n- and p-doped region and the fact that valence 𝐸V and
conduction band 𝐸C do not change far away from the interface. Finally, Figure 2.11 (c) il-
lustrates the formation of an electric field based on the remaining negatively charged atomic
cores in the p-doped and positively charged atomic cores in the n-doped region near the
interface. The electric field generates a drift current, which points in the reverse direction
of the diffusion current. At the interface of the oppositely doped semiconductor materials,
drift and diffusion current are in a dynamic equilibrium and compensate each other, lead-
ing to the formation of a so-called space charge region (SCR). The corresponding width of
the SCR 𝑤 is solely determined by the used doping concentrations of the p- and n-doped
region, since these concentrations directly influence the respective electric potentials of the
conduction band in the p- (𝜑p) or the n-doped region (𝜑n). Far away from the interface,
these electric potentials are constant. The difference between the potentials 𝜑n and 𝜑p is
equal to the built-in voltage 𝑉bi
𝑒𝑉bi = 𝜑n − 𝜑p, (2.12)
which is dropping over the SCR.
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Figure 2.11: Energetic positions of the energy levels in a pn junction with no applied
voltage: (a) before (b) during, and (c) after contacting the p-doped with the n-doped
layer.
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as the absence of free charge carriers inside the SCR, Shockley was able to deduce the









In this equation, the saturation current in reverse bias is denoted by 𝑗S, the Boltzmann
factor is denoted by 𝑘B and 𝑇 is the temperature. The characteristic 𝑗-𝑉 -curve according
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Figure 2.12: Energy level scheme of a biased pn junction. The corresponding voltage 𝑉
is applied to the p-doped region. Furthermore the 𝑗-𝑉 characteristics with the respective
saturation current density 𝑗s is shown. (a) illustrates the shift of the energy levels if a
reverse bias is applied (𝑉 < 0) and (b) the situation for the forward bias (𝑉 > 0).
agrams for an applied forward or reverse bias are shown. The term pn diode denotes an
electric component, whose electric behavior is equal to that of a pn junction which usually
consists of a p- and n-doped silicon crystals in connection. In reverse bias, the width of the
SCR is enlarged, since electrons and holes are extracted to the border areas of the diode.
Thereby, the SCR is depleted more and more, hence only an extremely low saturation cur-
rent 𝑗s is flowing through the diode. The SCR stands no longer in thermal equilibrium,
and consequently no single Fermi level can be defined. Instead, the Fermi level is split into
two so-called quasi-Fermi levels, in which one is the respective Fermi level for holes 𝐸pF and
the other regards electrons 𝐸nF. The energetic difference between both quasi-Fermi levels is
equal to the applied bias 𝑒𝑉 . Under low forward bias, the SCR of the pn diode is slightly
enriched with free electron and holes, resulting in a marginal current flow. By stepwise
increasing the bias, the decreased width of the SCR enables a nearly unhindered passing of
free charge carriers. As for a diode biased in reverse direction, the SCR is no longer in a
thermal equilibrium. Again, the single Fermi level is split in two quasi-Fermi levels with the
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energy difference 𝑒𝑉 . In the following Section 2.2.2, the physical meaning of the quasi-Fermi
levels in context of organic solar cells is described in detail.
Basically, the characteristic 𝑗-𝑉 -curve of a pn junction is the same than the corresponding
curve of a solar cell, except for a crucial difference. In the simplest case, a solar cell can
be described by an illuminated pn junction. By exposing the diode to light, Wannier
excitons are generated inside the SCR, which are dissociated easily by the built-in voltage
𝑉bi. Consequently, additional free charge carriers are available and the current density 𝑗 at
short circuit conditions (𝑉 = 0) is increased by the so-called photo current density 𝑗ph










In a first approximation, the photo current density 𝑗ph of the solar cell depends only on the
irradiation intensity 𝐼Light of the incident light.
2.2.2 Purely diffusion-driven Solar Cell
Under exposure to light, the built-in voltage 𝑉bi ensures an efficient spatial dissociation of
generated excitons in solar cells consisting of inorganic semiconductors. The respective free
charge carriers are quickly transported to the contacts, so that no inhomogeneities in the
electron and hole densities can form. However, in organic solar cells, excitons generated can
only be dissociated at intrinsic heterojunctions with a sufficient energetic offset [64]. Due to
comparably low mobilities, many charge carriers accumulate at these organic heterojunctions
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Figure 2.13: Illuminated solar cell: Based on the inhomogeneities in the charge carrier
density within the absorbing layer, an adequate description for the entire interface by a
single Fermi level is no longer possible. Therefore, an illuminated pn junction is described
by a splitting into two quasi-Fermi levels. Thereby, one Fermi level is attributed to holes
(𝐸pF) and one to electrons (𝐸nF). The open-circuit voltage 𝑈OC is determined by the
energetic distance of the quasi-Fermi levels.
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the increased number of free electrons and at same time it is expected to lower toward the
valence band edge, since the number of holes is increased.
Instead of averaging, the Fermi level is split into two quasi-Fermi levels as illustrated in
Figure 2.13. One of these levels is attributed to electrons 𝐸nF (located next to the conducting
band) and the other one to holes 𝐸pF (located next to the valence band). The open-circuit
voltage 𝑉OC is determined via subtraction of the quasi-Fermi levels at the contacts of a solar
cell. In the zone of charge carrier generation, the open-circuit voltage has its highest value,
since the charge carriers generated there exhibit the highest energy. This energy is partially
released on the way to the contacts due to ohmic losses. These losses can be strongly reduced
by using highly conductive transport layers.
As described in [67], the current is not calculated by an individual analysis of drift and










In a gedankenexperiment, Peter Würfel deduced in his textbook [67] that it is theoretically
possible to drive a solar cell without a built-in voltage 𝑉bi, meaning only by diffusion of free
charge carriers. Figure 2.14 displays an ideal solar cell after [67]. In the process, charge
carriers are exclusively generated in the intrinsic region (i), since for these layers only photo-
active materials are deployed, meaning that only materials with a band gap in the range of












... Fermi level in the p-region













Figure 2.14: Purely diffusion-driven solar cell after Würfel: Free charge carriers are
generated in the intrinsic regime (i) and subsequently diffuse to the contacts. In order
to enable electrons to be transported barrier-free via the n-doped area to the cathode and
holes via the p-doped area to the anode, the respective n-i and p-i interfaces act like
“semipermeable membranes”. High energetic barriers prevent electrons from reaching the
p-region and holes from reaching the n-region, respectively.
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materials with a large band gap. This large band gap facilitates a reflection of electrons
at the energy barrier toward the (p) and a reflection of holes at the barrier toward the (n)
region. The energy levels of the materials from the (n) and the (p) region need to be adjusted
according to a barrier-free transition for electrons and holes from the (i) region to the (n)
and (p) region, respectively. Consequently, these interfaces form semipermeable membranes
efficiently select the generated charge carriers in this concept of a purely diffusion-driven
solar cell.
2.2.3 Structure of Organic Solar Cells
The basic understanding of a solar cell after Würfel (cf. Section 2.2.2) finds its application
in the so-called “p-i-n-concept” for organic solar cells. The structure of p-i-n-type solar
cells, firstly developed at IAPP [68], is very similar to the concept of Würfel but is not
an exact equivalent. In Figure 2.15 (a) the typical stack of an organic p-i-n-type solar
cell is depicted. Commonly, glass is used as substrate, which is coated with a transparent
bottom-contact, here, with indium tin oxide (ITO). The photo-active layer (AL), in which
excitons are generated and dissociated, is sandwiched between two charge transport layers,
namely the hole transport layer (HTL) and the electron transport layer (ETL). On top, the
structure is completed with a reflecting top-contact, usually consisting of opaque metal.
By means of organic semiconductors, working solar cells can not be designed as simple pn
junctions. On the one hand, there are nearly no organic semiconducting materials available
being both n- and p-type dopable, making the realization of a homojunction rather difficult.
On the other hand, the number of impurities and the associated trap states is relatively
large in organic semiconductors, so that high doping concentrations are necessary to fill
the trap states first. Based on the high doping ratio, a very narrow SCR is formed in the
transition region, so that charge carriers are able to tunnel through it. Hence, the solar cell
device suffers from a high current under reverse bias. To circumvent these challenges, an
additional intrinsic layer (i) is inserted between the n-type doped (n) and the p-type doped
layer (p) explaining the descriptive denotation of the p-i-n-concept. In Figure 2.15 (b), the
schematic energy level diagram is depicted. The intrinsic layer is composed of two different
organic semiconductors, the acceptor (A) and the donor (D). The exciton dissociation is
facilitated by the energetic offset in the heterojunction, in particular, 𝐻𝑂𝑀𝑂D − 𝐻𝑂𝑀𝑂A
and 𝐿𝑈𝑀𝑂D−𝐿𝑈𝑀𝑂A, respectively. In order to guarantee an efficient exciton dissociation,
the difference 𝐿𝑈𝑀𝑂D −𝐿𝑈𝑀𝑂A should be at least as large as the typical binding energies
of Frenkel excitons 𝐸B ≈ 0.3 eV [69]. Since the energetic difference 𝐿𝑈𝑀𝑂A − 𝐻𝑂𝑀𝑂D is
a measure for the open-circuit voltage 𝑉OC [69], this voltage is diminished by a larger offset.
Therefore, a trade-off for the conservation of a maximum open-circuit voltage 𝑉OC needs to
be found.
Since the sun spectrum provides comparatively less light intensity in the ultraviolet
spectral range, compared to the visible range, the band gaps of donor and acceptor materials
need to be smaller than 3 eV so that the photo current is not limited by a lower absorption.
Basically, there two technically feasible possibilities for photo-active heterojunctions in
organic solar cells:
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Figure 2.15: P-i-n-concept of organic solar cells: (a) Schematic structure of the layers
and the respective light propagation as well as the optical field distribution within the
solar cell. By varying the thickness of the electron and the hole transport layer (ETL
and HTL), the maximum of the optical field distribution can be positioned in the center
of the active layer (AL). (b) Energetic position of the energy levels of the layers. Upon
illumination with light, excitions are generated in the active layer. They are dissociated
at the intrinsic heterojunction comprising of a donor (D) und acceptor material (A).
The released electrons and holes are transported via the ETL and HTL to the contacts,
formed by an opaque metal top-contact and a transparent bottom-contact, e.g., ITO.
Flat heterojunction (FHJ)
Figure 2.16 (a) illustrates a flat heterojunction. Here, the donor and acceptor layers are
directly deposited on top of each other. Consequently, the interface for dissociation of ex-
citons is only the area exactly between donor and acceptor layers. The photo current can
not be dramatically increased by donor and acceptor layers exhibiting thicknesses of more
than approximately 15 nm. This is due to the fact that the typical exciton diffusion length
𝐿D of organic semiconductors is relatively small. The exciton diffusion length represents
the average distance an exciton can travel inside a material before it recombines. In organic
semiconductors it is typically in the range of 5 to 15 nm [70]. Consequently, thicker absorp-
tion layers for a photo current enhancement can not be used in organic solar cells, since the
majority of organic molecules exhibit only these small exciton diffusion lengths 𝐿D.
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Figure 2.16: Technically feasible heterojunctions in organic solar cells: (a) shows a
flat heterojunction. Here, donor and acceptor are separated layers. (b) shows a bulk het-
erojunction. Here, donor and acceptor molecules are intermixed and interpenetrate each
other. Consequently, the effective interface is larger leading to an increased probability
for dissociation of excitons.
Bulk heterojunction (BHJ)
This heterojunction is characterized by an intermixing of donor and acceptor molecules. In
Figure 2.16 (b) it is illustrated how both organic semiconductors interpenetrate each other
in such a mixed layer. Theoretically, every exciton generated will be dissociated by this
structure, since the mean free path toward the next donor acceptor interface is shorter than
the exciton diffusion length 𝐿D. In addition, the size of the total interface is increased by
multiple times. On the other hand, not all transport paths are closed to efficiently take away
all the dissociated charge carriers toward the respective transport layers. Consequently, the
recombination probability is increased. Nevertheless, the photo current of a solar cell with
BHJ is larger than that of a device with a FHJ. Since it enables the control over the optimal
domain size and phase separation between donor and acceptor, a further increase of the
photo current is achieved by varying the substrate temperature during the deposition of the
BHJ [71].
As a result from the exciton dissociation at the interface of the heterojunction, electrons
accumulate in the LUMO of the acceptor and holes in the HOMO of the donor. In the
following, electrons are conducted via the n-type doped transport layer (ETL) toward the
cathode and holes via die p-type doped transport layer (HTL) toward the anode. Typical
materials for transport layers exhibit a wide band gap of larger than 3 eV. Thus, these
semiconductors are transparent, whereby most of the irradiated light reaches the active
layer instead of being absorbed parasitically in the transport layers. Furthermore, excitons
can be reflected at the high energetic barriers toward the p-type doped and n-type doped
region, as shown in Figure 2.15 (b).
In Figure 2.15 (a) a scheme of the emerging thin-film optics inside an irradiated solar
cell is depicted. Based on the small thickness of the single layers and the reflection at the
metallic top-contact, a standing wave is formed inside the device. By varying the thickness
of the transport materials, the maximum of the standing wave can be centered exactly in
the active layer, so that the respective photo current can be maximized. In this context, the
used transport layers exhibit typical thicknesses of around 50 to 100 nm, however, should
also possess as low as possible ohmic losses. The following calculation exemplifies a minimal
conductivity of approximately 10−5 S/cm for an almost loss-free conduction in the transport
layers. The resistivity 𝜌 of a conductor with the length 𝑙 and the cross-sectional area 𝐴 is
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defined as follows:
𝜌 = 𝑅 · 𝐴
𝑙
. (2.17)
Using the conductivity 𝜎 = 1
𝜌
and the ohmic resistance 𝑅 = 𝑉
𝑗·𝐴 , the voltage drop 𝑉 is
determined as follows:
𝑉 = 𝑗 · 𝑙
𝜎
=
10 mAcmÂš · 100 nm
10−5 Scm
=
10−2 Acm2 · 10
−5 cm
10−5 AV·cm
= 0.01 V. (2.18)
Consequentially, one obtains a maximal voltage drop of only 0.01𝑉 when assuming a con-
ductivity not lower than 10−5 S/cm at a typical current density 𝑗 of 10 mA/cm2 over a
100 nm thick layer.
2.2.4 Characteristic Parameters
From the 𝑗-𝑉 -curve of an illuminated solar cell, the most important parameters can be


















Figure 2.17: 𝑗-𝑉 -curve and respective characteristic parameters of an illuminated solar
cell: Open-circuit voltage 𝑉OC, short-circuit current density 𝑗SC, maximum power 𝑃max,
maximum power point 𝑀𝑃𝑃 , voltage 𝑉MPP and current density 𝑗MPP at the 𝑀𝑃𝑃 .
The maximum power 𝑃max a solar cell can provide for a consumer load is defined by
the point of maximum power MPP. Since the power of a solar cell 𝑃 is determined by the
voltage 𝑉 , the current density 𝑗, and the active area of the device 𝐴SC as follows
𝑃 = 𝑉 · 𝑗 · 𝐴SC, (2.19)
the MPP defines a rectangle with maximum area being located in the fourth quadrant of
the characteristics. The attributed values for voltage and current density are accordingly
𝑉MPP and 𝑗MMP. The so-called fill factor 𝐹𝐹 can be used to establish a statement about the
quality of the solar cell, since it provides a measure of the charge extraction efficiency from
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the device. It is computed by the ratio of maximum power 𝑃max and the theoretical power
limit, which is the product of open-circuit voltage 𝑉OC and short-circuit current density 𝑗SC
𝐹𝐹 = 𝑃max/𝐴SC
𝑉OC · 𝑗SC
= 𝑈MPP · 𝑗MPP
𝑉OC · 𝑗SC
. (2.20)
The open-circuit voltage 𝑉OC of a device denotes the voltage when no current flows through
the solar cell, so that the gradient of the quasi-Fermi levels is equal to zero. Consequently, the
open-circuit voltage corresponds approximately to the difference between the quasi-Fermi
levels inside the active layer of a solar cell
𝑒𝑉OC ≤ 𝐸nF − 𝐸
p
F. (2.21)
The short-circuit current density 𝑗SC denotes the current density when no external voltage is
applied. When making a comparison with an ideal solar cell under illumination, the short-
circuit current density corresponds to the photo current density 𝑗ph (cf. Equation 2.14).
Summarizing all parameters, the power conversion efficiency 𝜂 (PCE) enables the most
suitable description for the effectiveness of energy conversion in a solar cell. It is defined by




= 𝑉MPP · 𝑗MPP
𝐼Light
= 𝐹𝐹 · 𝑉OC · 𝑗SC
𝐼Light
. (2.22)
For determination of the PCE, it needs to be considered that the illuminated characteristics
of solar cells are commonly measured by means of sun simulators. Generally, the spectrum
of a real sun differs more or less from the one of the lamp in the simulator. First of
all, one would guarantee the same intensity by integration of both spectra. Depending
on the material system employed in the photo-active layer, the PCE can differ though,
since the absorption of the corresponding materials can differently cover the used spectrum.
In order to enable comparability, the computer generated AM1.5G is specified as standard
spectrum, corresponding almost to the one of the sun in temperate latitudes with a intensity
of 𝐼Sun = 100 mW/cm2 [67, 72].
Some parameters can not directly be extracted from the current-voltage-characteristics.
The external quantum efficieny 𝜂EQE(𝜆) (EQE) is such a parameter. It describes the relation
between the measured short-circuit current density in terms of a charge carrier current and











The 𝑗SC denotes the measured short-circuit current density of the solar cell under illumina-
tion with monochromatic light with the intensity 𝐼Light, the frequency 𝜈 or the wavelength
𝜆, as well as ℎ denoting Planck’s constant. Besides the external quantum efficiency, an
internal quantum efficiency 𝜂IQE(𝜆) (IQE) can be defined as well. It denotes the relation
between the short-circuit current density and the actual number of absorbed photons per
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The internal quantum efficiency differs from the external quantum efficiency only in the
coefficient 𝜂abs quantifying the absorption efficiency of the material used
𝜂EQE(𝜆) = 𝜂abs(𝜆) · 𝜂IQE(𝜆). (2.25)
Under real conditions, the ideal characteristic of a solar cell deviates from the behavior
described in Equation 2.14. In a real solar cell, one needs to take series 𝑅S and parallel
resistances 𝑅P inside the device into account. Including the resistances into the Shockley










+ 𝑉 − 𝐼 · 𝑅S
𝑅P
− 𝐼ph. (2.26)
This implicit equation is a consequence of a voltage drop 𝐼 · 𝑅S over the series resistance,
leading to a voltage of 𝑉 ′ = 𝑉 − 𝐼 · 𝑅S carried from the parallel resistance and the solar
cell. In the aforementioned equation, 𝑉 denotes the external voltage, 𝑛 the ideality factor,
𝐼s the reverse current and 𝑅P the parallel resistance of the dark curve. In Figure 2.18 the
ideal 𝑗-𝑉 -characteristics of an illuminated solar cell, following Equation 2.14, is compared to
respective curves where the series resistance 𝑅S is increased and the parallel resistance 𝑅P is
decreased. The series resistances originate from ohmic resistances inside the device, for in-
















































Figure 2.18: Influence of (a) series 𝑅S and (b) parallel resistances 𝑅P on an illumi-
nated 𝑗-𝑉 -curve of a solar cell after [73]. The ideal curve (𝑅S = 0, 𝑅P → ∞) according
to Shockley (cf. Equation 2.14) is depicted in black.
stance from either the transport layers or the metallic contacts. Generally, they influence the
characteristic curve mostly under forward bias, since in this case the voltage proportionally
increases with 𝑉 ′ = 𝑉 −𝐼 ·𝑅S, as visible by a linear slope. Under illumination with constant
intensity 𝐼Light, the fill factor and the short-circuit current density of the solar cell decreases
with increasing 𝑅S. The open-circuit voltage stays unchanged, since in this case no current
is flowing at all. Ideally, the parallel resistance should be as high as possible (𝑅P → ∞).
In real devices, there are smaller parallel resistances possible, so that (𝑉 − 𝐼 · 𝑅S)/𝑅P in
Equation 2.26 is not longer negligible. From this, a linear slope under reverse bias follows,
or in other words the solar cell suffers from a worse blocking behavior. Under illumination
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with a constant light intensity 𝐼Light, the fill factor and open-circuit voltage is reduced upon
a decrease of the parallel resistance 𝑅P. The short-circuit density stays unchanged [74].
The saturation 𝑆𝑎𝑡 enables a qualitative statement about the blocking behavior of solar
cells. It is defined by the quotient of the short-circuit current density at an external voltage
of −1 V and the short-circuit current density
𝑆𝑎𝑡 = 𝑗(−1 V)
𝑗SC
. (2.27)
In case of an infinite parallel resistance (𝑅P → ∞), the saturation is converging to unity
(𝑆𝑎𝑡 → 1). If 𝑅P decreases, the saturation becomes larger than one (𝑆𝑎𝑡 > 1).
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The focus of this thesis is the optimization of silver nanowire networks as
transparent conducting electrodes for organic solar cells. This chapter pro-
vides a comprehensive description of transparent conducting electrodes and
the characteristics of percolation-based transparent electrodes made of metallic
nanowires, which are presented in Section 3.1 and Section 3.2, respectively.
3.1 Transparent Conducting Electrodes
A simple optoelectronic device consists of a photo-active layer sandwiched between two
charge collecting or extracting contacts. For light in- or out-coupling, at least one of these
contacts needs to be sufficiently transparent, predominantly in the visible spectral range
of the electromagnetic spectrum. Therefore, transparent conducting electrodes (TCEs) are
widely employed as translucent top- or bottom-contacts in various types of photo-active
devices. Along with the rapidly growing interest in potentially low-cost organic optoelec-
tronics, an intense search for highly performing TCEs has started. Most effort is put in
investigating TCEs for the application in OLEDs and OSCs [75, 76]. Nonetheless, success-
ful incorporations in numerous leading-edge technology products such as in touch screens,
wearable devices, and electronic skins are demonstrated as well [77–80].
For all kinds of devices, the transmittance 𝑇 and the sheet resistance 𝑅S are the crucial
parameters of a TCE. These physical quantities are inherently competing with each other.
For instance, metals are known as highly conductive materials since they usually provide
a huge number of free charge carriers with high mobilities (cf. Equation 2.1). These free
carriers explaining the large and broad absorption with typical penetration depths of only 25
to 50 nm [81]. Consequentially, most metal-based TCEs are nano-structured to enable light
penetration in between the metallic regions. Besides various geometries of nanogrids, net-
works of randomly distributed nanowires are employed [18,82,83]. Recently, also nanometer
thick metal films show high performance when deposited on corresponding seed layers [10].
To circumvent the high absorption of metals, transparent conducting oxides (TCOs) can
be utilized. These are usually insulating wide-gap metal oxides, which are doped by an-
other metal exhibiting a very close donor level with respect to the conduction band [84].
Further TCEs are carbon-based systems, such as highly conductive polymer formulations
of PEDOT:PSS, networks of carbon nanotubes (CNTs), or multilayer graphene, as well as
highly doped organic semiconducting layers. Although the latter material systems are a
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promising alternative, their conductivities are still far from those of TCOs or metal-based
TCEs [12,14,85,86].
3.1.1 Essential Requirements of Transparent Conducting Electrodes
Still, much effort is put into the search for a universal TCE. Neglecting the possibility of
a transparent superconductor, it will be challenging to develop such an all-in-one solution
in the foreseeable future. Therefore, only an overview of essential requirements for TCEs
independently of the material system and with a strong focus on organic solar cells as the
field of application is presented.
High transparency
Obviously, a TCE needs to be as transparent as possible since the power conversion efficiency
of an OSC or the device power efficiency of an OLED is directly linked to the TCE’s
transparency. The higher the corresponding transmittance, the higher the absorption or
out-coupling probability, respectively. The transmittance is defined by the intensity ratio
of the electromagnetic radiation before (𝐼0) and after (𝐼) light penetration through a TCE.
According to the law by Lambert and Beer, the corresponding intensity decays exponentially
with increasing film thickness 𝑑 and is defined by the material and wavelength dependent
absorption coefficient 𝛼(𝜆) as follows
𝑇 (𝜆, 𝑑) = 𝐼
𝐼0
= exp (−𝛼(𝜆) · 𝑑) . (3.1)
Regarding OSCs, a minimal industry standard for TCEs is defined, assessing a transmittance
of at least 90 % in the visible [87]. Since efficient NIR absorber materials are developed for
OSCs recently, TCEs with high transparencies up to a wavelength of approximately 1000 nm
are desired [88,89].
High conductivity





where 𝜌 is denoting the resistivity of the electrode material and 𝑑 the TCE’s thickness.
While the transmittance of a TCE should be at least 90 % independent of the application,
the conductivity can differ over orders of magnitude. For instance, a sheet resistance of
106 Ω/sq is sufficient for antistatic applications, 400 to 1000 Ω/sq for touch screens, and
≤ 10 Ω/sq is required for OSCs and OLEDs [76]. The latter value was calculated in a
theoretical study on monolithically integrated modules of organic solar cells. The authors
concluded that a 𝑅S ≤ 10 Ω/sq at a transmittance of ≥ 90 % is necessary to prevent high
voltage losses in their notional devices [90]. In a similar study, the associated power loss
dependent on the sheet resistance 𝑃 (𝑅S) of a TCE with a homogenous current distribution




2𝑗2SC · 𝑅S, (3.3)
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in which the short-circuit current density 𝑗SC and the length of a sub-cell 𝑙 are required [91].
In the studies above, comparatively thick, metallic shunt lines were used. Due to the high
absorption of metals, disadvantageous shadowing effects are appearing. These losses can be
reduced by simultaneously increasing the sub-cell length and decreasing the sheet resistance
(cf. Equation 3.3). Therefore, highly efficient large area organic solar cells can only be
realized by employing highly conductive TCEs with very low transmittance.
High figure of merit (FoM)
As previously described, there is always an inherent trade-off between transparency and
conductivity of TCEs. For an independent comparison of the optoelectronic performance
of different TCEs, several assessment factors have been suggested in the past. A first
approach is simply weighting transmittance 𝑇 and sheet resistance 𝑅S by calculating the






· exp (−𝛼(𝜆) · 𝑑) . (3.4)
Unfortunately, this FoM is not of practical use, since the weight of the transmittance is
fairly underestimated. In addition, the 𝐹𝑜𝑀S is not dimensionless and therefore only valid
for a specific electrode configuration defined by thickness, resistivity and wavelength. As






In Figure 3.1, the theoretically calculated 𝐹𝑜𝑀H of some metals and semiconductors under
illumination with light at a wavelength of 550 nm is depicted. The 𝐹𝑜𝑀H maximum of
metals lies in the range of several nanometers. Using materials like ITO and Cd2SnO4, the
corresponding maximum is one order of magnitude higher whereas the respective layers are
approximately a thousand times thicker. However, since very thin and closed metal layers
were very difficult to process in the last decades, ITO still remains the preferred TCE. To
eliminate the thickness dependency in 𝐹𝑜𝑀H, a more general figure of merit is established
by De et al. [93] which is adapted from the theory of Dressel and Grüner [94]. By defining
the ratio of optical to electrical DC conductivity (in a bulky thin-film) 𝜎Opt/𝜎DC,B as FoM
and by using the impedance of free space 𝑍0, the total transmittance 𝑇tot of a TCE can be








Thereby, first order approximations for the exponential function in Equation 3.1 and the
relationship 𝜎Opt/𝛼 ≈ 𝑍0 =
√︁
𝜇0/𝜀0 ≈ 377 Ω were made. It is noteworthy that this FoM
still depends on wavelength which may lead to deviating PCEs in OSCs comprising different
TCEs with comparable FoM values. Ideally, the transmittance needs to be weighted by the
sun spectrum and the absorption of the corresponding solar cell. Nonetheless, this FoM is
generally accepted since typical TCEs exhibit flat transmittance spectra in the visible [76].
Accordingly, the mean total transmittance between 400 and 800 nm or at least the total
transmittance at 550 nm 𝑇550 are sufficient.
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Figure 3.1: Theoretically calculated figure of merit after Haacke 𝐹𝑜𝑀H as a function of
the layer thickness of the metals silver, copper and gold as well as of the semiconductors
ITO and Cd2SnO4 under illumination with light at a wavelength of 550 nm. For the
metals, the lower and for the semiconductors, the upper scale is used. Adapted with
permission from [92]. Copyright 2008 AIP Publishing LLC.
Low surface roughness
Depending on the type of TCE, additional planarization layers are necessary. For instance,
AgNW networks exhibit inherently high surface roughness due to a comparatively large
nanowire diameter. Typically, two to three wires are stacked on top of each other at the
junctions. Assuming mean diameters of 35 to 90 nm, height differences of 105 to 210 nm
between the nanowire junctions and the free mesh openings can easily occur. Since the typ-
ical single layer thickness in OSCs and OLEDs is approximately 30 nm, shunts are expected
which drastically reduce the device performance. To smoothen inherently rough TCEs, like
AgNWs or CNTs, a planarization layer is deposited prior to the device stack. Commonly,
the highly conductive polymer PEDOT:PSS is employed since its solution-based processing
is perfectly suitable for filling the free mesh openings in the network-like TCEs. However,
the acidic PSS is strongly hygroscopic and easily takes up water which results in a conduc-
tivity drop and unstable organic devices [95,96]. Therefore, planarization layer alternatives
were recently investigated by our group. We employed a solution-processed, doped small
molecule hole transport layer in highly efficient organic solar cells as suitable planarization
for AgNW electrodes [97].
High stability
For low-cost organic devices, large area and high throughput industrial processing lines are
required. In this context, roll-to-roll-coating (R2R) systems are frequently discussed [7].
In addition, future-proof TCEs should show no fatigue upon exposure to numerous types
of mechanical stress, such as repeated stretching, concave and convex bending, as well as
twisting since expected applications will be flexible [98]. According to the processing in R2R
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systems, the minimal bending radius, the number of bending cycles, and the maximal strain
a TCE can withstand should be evaluated prior to the fabrication. Besides mechanical
robustness, TCEs should be thermally, chemically, and optically stable, in particular UV-
stable, as well as insusceptible to ambient humidity.
High sustainability
A green technology such as organic solar cells should also be sustainable. Consequently,
the TCE is expected to preferably comprise abundant and recyclable materials which are
cheap and non-toxic. Not only the TCE itself, but also the overall production should be
environmental-friendly and sustainable. Consequently, a low overall energy consumption
is desired and all involved materials and solvents are primarily non-toxic, abundant, and
effortlessly recyclable.
3.1.2 Types of Transparent Conducting Electrodes
As sketched above, there are numerous types of TCEs. Figure 3.2 gives a brief overview
of the common TCE types including their frequently employed examples. Basically, the
TCEs are divided into three main groups: A first group for transparent conductive (metal)
oxides (TCOs) like gallium zinc oxide (GZO), the most popular TCE indium tin oxide
(ITO), as well as aluminum zinc oxide (AZO), and fluorine tin oxide (FTO). A second group
holding carbon-based systems, like poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS), networks of carbon nanotubes (CNTs), graphene sheets, and layers of highly
n-type doped buckminsterfullerene C60. A third group featuring metal-based TCEs like thin
metal films sandwiched between a dielectric seed and a dielectric capping layer (DMD thin-
films), regularly patterned grids and networks of randomly distributed metallic nanowires
(NWs). Although this easy breakdown suggests a clear separation between the available
TCE types, recently hybrid structures have been investigated trying to combine the ad-
vantages of at least two individual TCEs in one electrode [99–104]. Nevertheless, in the
following each group and its examples will be separately described and evaluated regarding
stand-alone performance and applicability in organic solar cells.
Transparent conducting oxides (TCOs)
Since the first discovery of transparent conducting oxides (TCOs) as TCEs, a sum of more
than one century of experience is accumulated [105–110]. On the basis of this huge experi-
ence, TCOs are the most commonly employed transparent electrode materials in state-of-
the-art optoelectronic devices including, e.g., light-emitting diodes, solar cells, flat displays,
and touch screens [111]. Besides the known and high-performing indium tin oxide (ITO),
aluminum zinc oxide (AZO), gallium zinc oxide (GZO), and fluorine tin oxide (FTO), other
TCOs with lower conductivities like cadmium oxide, gallium oxide, and titanium oxide are
in focus of past and current research as well. In particular, cadmium is an extremely toxic
metal as listed in the International Chemical Safety Cards (ICSC).
Intrinsically, SnO and ZnO are insulators exhibiting wide band gaps of larger than 3 eV.
Therefore, they are highly transparent in the visible, showing plasma frequencies in the
infrared range. Films of those materials usually show mean transmittance values of greater
than 85 % in the optical regime of the electromagnetic spectrum [112]. By perturbation of
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Figure 3.2: Overview of typical types of transparent conducting electrodes (TCEs).
1) Transparent conducting oxides (TCOs): Gallium zinc oxide (GZO), indium tin oxide
(ITO), aluminum zinc oxide (AZO), and fluorine tin oxide (FTO).
2) Carbon-based systems: PEDOT:PSS, graphene, carbon nanotubes (CNTs), and C60.
3) Metal-based TCEs: Thin metal films sandwiched between dielectric layers (DMD thin-
films), regularly patterned grids and networks of randomly distributed metallic nanowires
(NWs). Inspired by Dr. Lars Müller-Meskamp (IAPP).
the lattice with Sn and Zn interstitials and oxygen vacancies, doping is achieved in intrinsic
SnO and ZnO [113]. These defects act as donors which are positioned approximately 0.01
to 0.05 eV below the conduction band [114]. To raise conductivities to a reasonable level,
additional impurity doping with metals of oxidation number three (e.g. In, Al or Ga)
can be applied to substitute the matrix sites of the metal atoms. Similarly, halogens with
oxidation number minus one can be used to replace the oxygen lattice sites [113]. In both
cases, excess electrons are provided, leading to a shift of the Fermi level into the conduction
band. Thus, sheet resistances as low as 10 to 40 Ω/sq at ≥ 85 % transmittance in the
visible are achieved with 100 to 400 nm thick films [115–119]. Generally, TCO films exhibit
very smooth morphologies. Their layer thickness is easily controllable down to Angstrom
dimensions since a broad range of industrial deposition processes is well established [120].
These coating methods include DC magnetron sputtering, pulsed laser deposition (PLD),
chemical vapor deposition (CVD), vacuum arc plasma evaporation, various solution-based
deposition techniques, spray pyrolysis, and electron beam evaporation [105, 106, 109, 121–
124]. By accurately adjusting the oxygen content during the deposition process and using
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high post-annealing temperatures, crystalline layers with high conductivities can be obtained
[125]. Although high crystallinity enables high conductivity, it also leads to the brittle
nature of TCOs rendering them completely unsuitable for flexible applications. In addition,
TCOs will not be applicable in future processing lines for organic optoelectronics, since
such devices will preferably be deposited in R2R-coating machines using flexible, polymer
or metal substrates (cf. Section 3.1.1 under High Stability).
Regarding the TCO of choice, ITO is still the most employed TCE. In particular, the
sputter deposition made on glass is broadly established as standard TCE for organic op-
toelectronics [98]. It also acts as bottom-electrode for the current organic record solar cell
with an efficiency of 12 % [4]. Therefore, ITO is identified as benchmark material system
for this work. All transparent electrodes newly introduced in the course of this thesis will
be directly compared to ITO. Besides its outstanding performance as stand-alone TCE and
its behavior in respective devices, ITO has a significant bottleneck. The used indium for
impurity doping is a rare, and therefore expensive material [109, 126]. Corresponding ITO
markets are still growing, leading to increased prices and may limit future reserves after
2030 [127,128].
Alternatively, AZO and GZO can be used since the containing ZnO is an inexpensive
and abundant material. In addition, both oxides exhibit a comparable optoelectronic per-
formance to ITO while allowing for lower process temperatures [112]. On the other hand,
it is comparably difficult to control the oxygen content in ZnO layers, since zinc is a reac-
tive metal [113]. Furthermore, ZnO is prone to acidic substances like the commonly used
PEDOT:PSS which leads to significantly reduced long-term stabilities in respective organic
solar cells [129]. Accordingly, this causes a limitation in device incorporation.
In conclusion, TCOs show outstanding optoelectronic performances marking especially
ITO as approved and generally accepted standard material system. In contrast, TCOs are
not fully compatible with future R2R processing lines since these oxides are brittle, expen-
sive, and partially chemical unstable. To guarantee a processing in said high throughput
coating systems for the production of cheap and flexible organic optoelectronic devices,
alternative TCEs need to come more in the focus of current research.
Carbon-based systems
Due to high post-annealing temperatures, low mechanical stability and high cost of TCOs,
recently, carbon-based system are taken into consideration as TCEs in organic optoeletronic
devices. Besides the highly conductive polymer mixture PEDOT:PSS, CNTs, graphene
sheets, and layers of highly n-type doped buckminsterfullerene C60 are evaluated for the
application in various OSC and OLED devices in the last years.
The first conductive polymer polyacetylene (PAc) was discovered in 1977 [130,131] and
showed up to metal-like conductivity upon doping [132]. Since it suffers from low stabil-
ity under ambient atmosphere, scientists conducted investigations on stable, as well as on
transparent, and soluble polymers [133, 134]. Research through more than two decades
yielded several conductive polymers, herein the most conductive examples are polyacety-
lene, polyaniline, polypyrrole, or polythiophenes compounds [135–137]. Years later in 2000,
the founding fathers of that illustratively called “conductive plastic” were awarded with
the Nobel Prize in Chemistry [138]. The fundamental property enabling the polymer’s
conduction is the existence of conjugated double bonds. These lead to extended 𝜋 elec-
tron systems allowing high charge carrier mobilities and conductivities in respective films
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(cf. Section 2.1.1). To obtain derivatives with a certain degree of transparency, careful
modification of the chemical structure via oxidation or reduction is carried out altering
HOMO-LUMO level splitting [139]. Consequently, a sufficiently large band gap for visible
electromagnetic radiation is achieved marking the birth of transparent conducting poly-
mers. In particular PEDOT:PSS established its position as HTL and stand-alone TCE
in organic optoelectronic devices during the last decade [14, 140–142]. PEDOT:PSS is a
mixture of poly(3,4-ethylenedioxythiophene) (PEDOT) and poly(styrenesulfonate) (PSS).
Thin oxidized PEDOT films exhibit a conductivity of approximately 1000 S/cm (200 Ω/sq),
a transparency slightly above 85 % in the visible spectrum at layer thicknesses of approxi-
mately 50 nm, as well as excellent thermal and chemical stability [143–145]. By polymerizing
PSS with EDOT to PEDOT:PSS, the PEDOT is doped and furthermore becomes soluble
in water [146] enabling facile solution processing with numerous deposition techniques such
as spin-coating, spray-coating, doctor-blading, inkjet printing, slot-die coating, and screen
printing [141,147–150]. Such films show only a slight increase in conductivity upon heating
in air at 100 ∘C for more than 1000 hours [142]. Unfortunately, PSS is strongly acidic and
hygroscopic negatively influencing the lifetime of respective organic devices (cf. Section 3.1.1
under low surface roughness). In conclusion, PEDOT:PSS films are highly flexible but still
not conductive enough for large area applications, although current record conductivities
of larger than 3000 S/cm (39 Ω/sq and a transparency of around 80 % at a wavelength of
550 nm) are obtained when treated with diluted sulfuric acids [151]. Due to their solution-
based processing, PEDOT:PSS films are easily incorporable in R2R coating machines and
are commonly used as planarization layers to prevent shorts in organic optoelectronic de-
vices with inherently rough TCEs, like AgNWs or CNTs (cf. Section 3.1.1 under low surface
roughness). Additionally, PEDOT:PSS is a comparatively cheap material, but the rather
thick layers of typically larger than 100 nm may result in a dominating cost-factor for OSC
production [152].
An alternative to conducting polymers as TCE are networks of nanotubes from pure car-
bon. Although already discovered in 1952 by L. V. Radushkevich and V. M. Lukyanovich,
carbon nanotubes (CNTs) were not broadly noticed until 1991. At that time, CNTs suddenly
attracted attention since multi-walled tubes (MW-CNTs) were demonstrated and calcula-
tions predicted remarkable conductivities for single-walled structures (SW-CNTs) [153,154].
In theory, metallic SW-CNTs can have an extremely high charge carrier mobility of about
105 cm2/Vs (higher than for silicon) and they can carry an electric current density of
4 × 109 A/cm2, which lies approximately three orders of magnitude over corresponding val-
ues of common metals like copper [155,156]. In addition, high elastic moduli of 1 to 2 TPa
and high tensile strengths of 13 to 53 GPa are expected [157, 158]. These properties are
significantly dependent on the way a tube is wrapped [159]. Since CNTs can be essentially
obtained by rolling graphene sheets to seamless cylinders, numerous wrapping angles are
possible. As depicted in Figure 3.3 there is a specific (𝑛, 𝑚) denotation scheme for CNTs.
Starting in an infinite graphene sheet with its unit vectors in real space ?⃗?1 and ?⃗?2, the vector
?⃗?h points into the roll-up direction and 𝑇 describes the tube axis. Accordingly, three main
types can be classified: armchair (𝑛, 𝑛), zigzag (𝑛, 0), and chiral (𝑛, 𝑚) wrapping. While
zigzag and chiral geometries behave either as a semiconductor or as a metal, armchair tubes
always exhibit metal-like conductivity. Using the latter in CNT networks, comparatively
low conductivity values are obtained which originate from high resistances at the junctions.
Typical junction resistances lie about three orders of magnitude above the resistance of
single tubes [76]. Enlarging single tubes would enhance the network conductivity, since the
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zigzag = ( )
armchair = ( )
h = 1 + 2
Figure 3.3: Denotation scheme for wrapping modes of carbon nanotubes. The vector
?⃗?h is a linear combination of graphene’s unit vectors (⃗𝑎1, ?⃗?2) in real space pointing into
the roll-up direction. Accordingly, 𝑇 describes the tube axis. Using this scheme, the
three wrapping modes armchair, zigzag, and chiral are unambiguously defined. Modified
from [160].
number of junctions per area is reduced. Furthermore, CNTs need to be pure, without any
lattice defects, and should be single- or double-walled. All these parameters, length, purity,
lattice perfection and type, can be controlled during the fabrication. Common CNT growth
techniques include CVD, laser ablation, or arc-discharge under very high temperatures of
800 to 1200 ∘C [11, 161, 162]. Recently, an aerosol CVD process was shown by our project
partner, where a hybrid carbon source was used to obtain very long CNTs. In comparison
to the common carbon monoxide (CO) sources, an introduction of H2 and C2H4 yields tubes
with a five times enlarged mean length of 17 𝜇m. By doping corresponding tube networks
with gold chloride (AuCl3), sheet resistances as low as 73 Ω/sq at 90 % transparency are
achieved [163]. In conclusion, networks of CNTs are a promising TCE, due to outstandingly
low resistances as well as high robustness against bending and stretching of single tubes
(see above and [164]). Based on comparatively high contact resistances at the CNT inter-
sections, corresponding network performance is still significantly lower than those of TCOs.
For incorporation in corresponding organic optoelectronic devices, the roughness of CNT
networks needs to be considered. Although PEDOT:PSS layers enable sufficient planariza-
tion and therefore a reasonable prevention from shorted devices, it lowers the long-term
stability (see above). In addition, high processing temperatures up to 1200 ∘C are needed
for the CNT growth, which may exclude the implementation of CNTs in organic devices.
During the last decade, monolayers of graphite attracted huge attention in literature.
This so-called graphene is a singe layer of carbon atoms arranged to a two-dimensional
honeycomb lattice and was demonstrated for the first time in 2004 [165]. Theoretically,
pure and undisturbed graphene sheets are able to exhibit extraordinarily high charge car-
rier mobilities above 106 cm2/Vs [166] since the electrons can be described as massless dirac
fermions. In contrast to parabolic band structures in metals and semiconductors, investiga-
tions on graphene reveal a cone-like shape (“dirac cone”). Surprisingly, no band gap and no
partially filled band can be measured which leads to an ambipolar effect of the electric field
such that charge carriers can be tuned continuously between electrons and holes [167,168].
Besides these interesting questions for basic research, the outstanding properties of graphene
can be utilized as TCE [169]. Most recognition in literature found a fully R2R based pro-
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cess yielding a thirty inch large transparent conducting graphene film with an optoelectronic
performance comparable to ITO [170]. In detail, single graphene sheets are CVD grown on
very hot copper foils (≈ 1000 ∘C). Subsequently, graphene is attached to a polymer sup-
port followed by an etching step to remove the copper. Prior to the transfer on a desired
substrate, graphene is wet-chemically doped with nitric acid. By repeating the process four
times, highly conductive TCEs with ≈ 30 Ω/sq at a transparency of 90 % are obtained.
The robustness of graphene under mechanical stress, such as bending and stretching was
demonstrated as well, revealing outstanding flexibility down to a bending radius of 0.8 mm
and up to extensions of about 11 % [171]. Besides its outstanding prerequisites as TCE,
graphene has the ability to act as gas barrier as well [103]. Due to very small openings
in the honeycomb lattice (≈ 2.5 Å [172]), comparatively larger water (≈ 2.8 Å [173]) and
oxygen molecules (≈ 3.0 Å [174]) are not able to penetrate through graphene [175]. Addi-
tionally, graphene has exceptional thermal and chemical stability always providing an inert
surface for all kind of substances. In conclusion, graphene has the ability to act as TCE
for organic optoelectronics, since it exhibits low sheet resistance at high transparency on
large areas, as well as high flexibilities, and gas barrier properties. Currently, only the elabo-
rated synthesis regarding high process temperatures (≈ 1000 ∘C) and involved raw materials
(crystalline copper substrate and etchants) needs to be optimized to deliver low-cost organic
devices in the near future.
A further carbon-based TCE can be fabricated from C60, a quasi zero-dimensional carbon
ball where the bonds of sixty carbon atoms are arranged like the stitchings of a football.
Commonly applied as electron acceptor in photo-active layers of OSCs [71,176], a remarkably
high conductivity for small molecules layers of up to 4 S/cm can be obtained by optimized
molecular n-type doping with W2(hpp)4 [48]. Although the corresponding sheet resistance in
a 28.4 nm thick layer is only 21 kΩ/sq, this value is sufficient for usual implementations as n-
ETL in small molecule-based p-i-n type OSCs. Interestingly, an incorporation as stand-alone
transparent top-electrode in respective OSCs reveal a potential replacement and flexible
alternative to ITO [86].
Metal-based systems
Regarding the basic requirements of a TCE (cf. Section 3.1.1), metals fulfill nearly all these
preconditions. They are known as good conductors with high durability under bending
and stretching, and they are usually inexpensive, abundant, chemically stable as well as
non-toxic. The crucial disadvantage of metals is a byproduct of their high conductivities.
Their huge number of free electrons allows conduction and entails low transparency and high
reflectivity at the same time. Over the last decade, three circumventing paths developed ad-
dressing the predominantly opaque nature of metals. A first approach uses very thin metal
layers, enabling a minimization of absorption losses while still being sufficiently conductive.
Another method avoids the high metal absorption by structuring respective layers to regu-
larly patterned grids, enabling the light to penetrate through the metal-free openings while
the current can flow loss free in the grid lines. This principle can be transferred into a third
approach in which metallic nanowires are assembled to randomly distributed networks.
Considering the first approach on thin metal layers, a simple reduction in layer thickness
leads to distinct challenges. Although transparent conductive films are obtained, very thin
metal layers are exceedingly difficult to process. Fortunately, the well established thermal
evaporation in vacuum, commonly used to process small molecule layers, can be directly
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used to deposit most metals [177]. Severely depending on the chosen metal and substrate,
these layers are not closed at very low thickness since it is energetically advantageous to form
droplets on the surface yielding only weakly conductive films [178,179]. By carefully increas-
ing the thickness, a certain threshold is reached where all isolated islands are interconnected.
At this so-called point of percolation, the sheet resistance dramatically decreases to sufficient
values while reasonable transmittance values are maintained [180]. Although thicker layers
result in higher conductivity, the trade off in combination with the automatically decreased
transparency limits an enhancement in the TCE’s optoelectronic performance. Fortunately,
most of the thin metal TCEs exhibit already quite low sheet resistances around the point
of percolation. On the other hand, corresponding transmittances are still significantly lower
due to high reflectivity of pure thin metal systems [181–183]. Therefore, assisting layers
are introduced, such that the metal is sandwiched between two dielectric materials in a
dielectric/metal/dielectric multilayer (DMD) stack [76, 177, 179, 184–186]. Since the point
of percolation is shifted to lower thicknesses, DMD structures show drastically improved
transmittance while their sheet resistance is maintained [187]. A careful choice of additional
seed layers below the metal can yield highly conductive and transparent TCEs. This is
demonstrated in a study showing a DMD electrode with 19.0 Ω/sq and 83.0 % peak trans-
mittance at a wavelength of 580 nm [10]. Latest results show a DMD electrode with a
metallic blend layer comprising co-evaporated calcium and silver, providing extraordinarily
high mean transmittance in the visible of 93.0 % at 27.3 Ω/sq while being sufficiently flexible
down to radii of 10 mm [188]. The same DMD structure offers the implementation as trans-
parent top- and bottom-electrode in highly efficient semi- and non-transparent OSCs with
ITO-like PCE. In conclusion, DMD structures constitute TCEs with promising performance
for stand-alone electrodes and in respective devices as top- and bottom-electrode as well as
high flexibilities for processing in R2R machines. Particularly regarding the optoelectronic
performance, even higher values can be achieved with structured metal systems.
In the pool of all TCEs, regularly patterned metal grids are naturally coming to mind.
The opaque grid lines guarantee high conductivities while free spaces in between exhibit
perfect transmittance. In square-like grids for a fixed metal and constant line thickness, the
total sheet resistance is predominantly characterized by the following parameters: width of
a single line 𝑤 and the distance between two adjacent lines 𝑠. These values can also be used
to define the so-called filling factor 𝑓 which describes the percental area covered by the grid
lines and is proportional to the grids’ overall transmittance:
𝑇 ∝ 𝑓 = 𝑤
𝑤 + 𝑠. (3.7)
Depending on the field of application, individual grid geometries (and metals) are preferably
employed. For instance, in display and lighting technologies, very thin lines are required
so that the human eye can not resolve them anymore. In addition, the spacing distances 𝑠
should allow sufficient charge transport toward the grid lines since homogeneously emitting
surfaces are needed. In contrast, solar cell applications do not necessarily require invisibly
thin grid lines and homogeneous charge collection over the whole area. Especially in the
latter case, less conductive but highly transparent layers can be deposited between the lines
to enable reasonable charge collections and loss-free lateral transport toward the low resistive
grid. Commonly, transparent conductive polymers, such as PEDOT:PSS are applied for this
purpose allowing a planarization of the comparably rough grid as well (cf. Section 3.1.1 under
low surface roughness). Typical fabrication methods are more advanced processes such as
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screen-printing, nanoimprinting- or photolithography, etc. [82, 83, 189–191]. A recent study
demonstrated a grid invisible to the naked eye with an outstanding performance of 4.87 Ω/sq
at a transparency of 81.75 % using electrohydrodynamic jet printing [192]. However, all
1 mm 1 µm
(a) Sefar fabric electrode (b) Silver nanowire electrode
Figure 3.4: (a) Optical microscopy image of a woven fabric electrode by Sefar AG
from [193]. (b) SEM image of a network of randomly distributed silver nanowires.
mentioned processing methods are extremely sophisticated, difficult to integrate into an
R2R process, and therefore cost-intensive which may exclude an application as stand-alone
TCE in organic optoelectronic devices. A novel alternative was demonstrated by our project
partner Sefar AG (cf. Figure 3.4 (a)). In their patented process [194], non-conductive
polymer fibers are woven to a perfectly square-shaped fabric. Subsequently, every second
fiber in one direction can be metalized such that high conductivities parallel to the metal
fibers are obtained with exceptionally high optoelectronic performance of ≈ 3 Ω/sq at a
transparency of 95 % [195]. By introducing low conductive filler materials, e.g. PEDOT:PSS,
for a sufficient charge transport in perpendicular direction, PCEs comparable to ITO-based
polymer organic solar cells are achieved [193]. In combination with other low conductive
TCEs, this fabric can yield a facile and high-performing shunt line substrate. In particular
for highly efficient large scale OPV modules, such bridging elements will undoubtedly be
required [79, 196–198]. Besides its remarkable prerequisites for bottom geometries, fabrics
can be implemented as top-electrodes as well. By a simple lamination process, flexible, semi-
transparent organic solar cells are obtained [199]. In conclusion, metal grids are sufficiently
transparent and flexible, as well as exhibiting the highest conductivities among all TCEs.
However, most of the developed fabrication processes are comparably advanced and
therefore too expensive for cheap, R2R-coated organic devices. Here, networks of randomly
distributed metal nanowires (cf. Figure 3.4 (b)), synthesized and deposited form solution
pose a cheap alternative by maintaining the outstanding grid performances. Since this sys-
tem is the essential core of this thesis, an extensive overview is given in the next Section 3.2.
Performance overview
As a summary, the optoelectronic performance (transmittance as a function of sheet resis-
tance) of all TCE types described above is shown in comparison to our standard lab ITO in
Figure 3.5. In detail, numerous metal-based systems are plotted, including silver nanowires
with a diameter of 90 nm (AgNW-90) as used in [200], copper nanowires with a diameter of
45 nm (CuNW-45) from [17], thin metal electrodes comprising silver on a gold seed layer [10],
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or a blend layer of Ca and silver in volume ratio 2:1 [188], in both cases sandwiched be-
tween molybdenum oxide, as well as an Ag-Grid from [192], and the Sefar fabric from [195].
Furthermore, data of carbon-based systems, in particular, a recent carbon nanotube (CNT)
result [163], the performance of the large area (thirty inch) graphene film from [170], and
highly conductive PEDOT:PSS values from [14] are plotted. Additionally, curves fitting the
figure of merit (FoM) (cf. Equation 3.6) are displayed (solid lines) enabling a better guide
to the eye if more than one data point per TCE is shown. In particular for nanowires, a
second fit is plotted (dashed lines) since NW systems exhibit a percolation regime which
can not be described by the rather simple transmittance and conduction behavior in thin,
closed films (cf. 3.2.2). Comparing the individual performance of the various electrodes,
AgNWs are showing an outstandingly high transmittance at a low sheet resistance. While
the silver grid gives a similar performance to that of AgNWs, the Sefar fabric electrode seem
to exhibit the highest performance among all plotted TCEs. However, the sheet resistance
of the Sefar system is measured in parallel to the metallic wires (cf. Figure 3.4 (a)) giving ul-
timately low values. In contrast, measuring perpendicularly to the wires gives values in the
range of about kΩ/sq. Most of the TCEs exhibit mid-range properties such as thin metal
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Figure 3.5: Performance comparison of common TCEs with our standard lab ITO
after Dr. Lars Müller-Meskamp (IAPP). Metal-based systems: Silver nanowires with a
diameter of 90 nm (AgNW-90) [200], copper nanowires with a diameter of 45 nm (CuNW-
45) [17], thin metal electrodes comprising silver on a gold seed layer [10], or a blend of
calcium and silver (volume ratio 2:1) [188], in both cases sandwiched between molybdenum
oxide, as well as an Ag-Grid [192], and the Sefar fabric [195]. Carbon-based systems:
carbon nanotubes (CNTs) [163], graphene [170], and highly conductive PEDOT:PSS [14].
The equations used for the fit curves (fit, perc-fit are explained in the text.
films, graphene, and CuNWs. TCEs, realized with CNTs and PEDOT:PSS show compara-
bly much lower performance. Although also described under carbon-based systems, highly
n-type doped buckminsterfullerene C60 layers are not plotted since respective layers show
very high sheet resistance of only 21 kΩ/sq.
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3.2 Metallic Nanowire Networks
The naturally high conduction of metals enables metal grids to exhibit the highest opto-
electronic performance among all transparent electrodes [82]. Nonetheless, in 2008 another
metal-based technology started to attract a wider interest. At that time, Lee et al. reported
on randomly distributed metal nanowires (NWs) (cf. Figure 3.4 (b)) which maintain the out-
standing properties of grids, such as low sheet resistance, high transparency, and mechanical
robustness, while allowing prospectively lower overall fabrication costs [18]. A template-free
solution based synthesis (cf. Section 3.2.3) as well as quick deposition methods guarantee
facile processing on large areas by R2R coating machines. Since widely practiced for deposit-
ing layers of polymer OSCs in lab environments, non-scalable spin-coating initially estab-
lished within the circle of unfavorable drop-casting and very slow dip-coating [115,201–204].
Recently, techniques such as spray-, rod-, slot-die-, and blade-coating as well as screen
and inkjet printing [205–209] became more excepted due to allowing for faster and scal-
able processing of nanowire electrodes. In this connection, silver is the most frequently
employed metal since resulting networks exhibit comparable optoelectronic performances
to ITO [79, 98]. Although prone to oxygen and water vapor in ambient air, copper is also
investigated for nanowires (CuNWs) [79,98,210] since raw copper is about a hundred times
cheaper and approximately one thousand times less scarcer than silver [211, 212]. Typical
NW systems comprise wires with diameters in the range of 30 to 200 nm and lengths be-
tween 10 and 100 𝜇m [17, 213, 214]. Compared to shorter wires, high aspect ratios (length
vs. diameter) allow a significant enhancement in sheet resistances and transmittance due
to reaching the so-called percolation threshold at lower surface coverages (cf. Section 3.2.1
and 3.2.2). Since individual NWs typically exhibit high crystallinity and therefore bulk-
like conductivities, the point of percolation is predominantly limited by comparably high
resistance at nanowire junctions [215]. Thus, NW networks require post-processing to suf-
ficiently reduce the junction resistance. During the last decade, many interesting methods
have been proposed by different groups which include thermal annealing [18], mechani-
cal pressing [216], galvanic coating [215], plasmonic welding [217], solvent-washing [204],
or matrix-assisted densification [218]. Independent of the post-processing type, respective
AgNW electrodes usually exhibit optoelectronic performances superior to ITO while being
outstandingly flexible [19, 204, 216, 217, 219]. Although up to 20 % of the incident light is
scattered at AgNW networks (with a diameter of 90 nm), OSCs can profit from an enlarged
light path through the photo-active layer enhancing the device PCE [220–222]. Scattering
layers in OLEDs enable an increased out-coupling and color stability under large viewing
angles [223–225]. A major drawback of nanowire TCEs, is the inherent roughness of the net-
works’ surface (cf. Section 3.1.1 under low surface roughness). To prevent shorted devices,
usually PEDOT:PSS is utilized as a planarization layer, even though it is strongly acidic
and hygroscopic, as well as parasitically absorbing incident light. Recently, alternatives are
published, such as embedded or buried NWs [208, 226, 227], as well as solution-processed
and doped small molecule hole transport layers [97]. Another solution, completely circum-
venting those issues, are silver nanowire top-electrodes. Here, researchers report on direct
lamination of AgNW networks onto small-molecule organic solar cells [228] as well as on
spray-coating onto polymer-based OSCs or solid-state dye-sensitized solar cells [229–231].
However, up to now no scalable solution-based process for solvent-sensible small molecule
OSCs are reported since respective layers would easily be redissolved from most commonly
58
3.2 Metallic Nanowire Networks
employed solvents. By preparing a novel coating dispersion of AgNWs in an inert fluorinated
solvent, which does not dissolve or damage the underlying organic layers, we were able to es-
tablish a low temperature and scalable spray-coating process for transparent top-electrodes
on small molecule OSCs (cf. Section 6).
3.2.1 Percolation theory
The word “percolation” originates from the Latin word percolare, which means to filter or
trickle through. Corresponding processes can be observed in various fields such as physics
[232], materials science [233], society [234,235], information technology [236], biology [237],
complex systems [238], geology [239], and even in the scientific daily routine, such as in
citation maps of academic papers [240].
A fundamental mathematical theory for all kind of percolation problems was developed in
the middle of the 20th century [241,242]. One of the easiest approaches constitutes the model
of bond-percolation [243]. In two dimensions, a theoretical grid exhibiting 𝑛×𝑛 percolation
sites is assumed. Additionally, a certain probability 𝑝, satisfying 0 ≤ 𝑝 ≤ 1, is defined,
which describes the possibility of establishing a link to an adjacent site. Accordingly, the
probability (1 − 𝑝) characterizes the opposite event of establishing no link to a neighboring
site. To illustrate such a model system, a two-dimensional grid with 14×14 sites is depicted


















Figure 3.6: (a) Two-dimensional bond percolation in a grid with 14 × 14 sites. Two
large clusters are colored in red and blue. Several small clusters are highlighted in green.
(b) Conductivity behavior 𝜎 in a nanowire percolation network in dependency of the
density of nanowires on the surface 𝑁 . There are four different regimes: (I) conductivity
equals zero - no closed path is established, (II) exponential increase in conductivity -
percolation threshold reached at critical density 𝑁c, (III) smaller increase in conductivity
- transition between percolation and bulk-like regime, and (IV) constant conductivity -
comparable to a thin-film. Inspired by Dr. Christoph Sachse (IAPP).
in Figure 3.6 (a). At very low interconnection probabilities (𝑝 ≪ 1), only few sites are linked
and merely tiny clusters are formed. By increasing the probability 𝑝, of course larger cluster
are obtained and at a certain point a single and infinite cluster is established over the entire
volume. The probability associated with this situation is defined as critical probability 𝑝c.
59
3 Fundamentals of Transparent Electrodes
At this point, the network passes the percolation threshold and a total probability 𝑃 (𝑝),
describing a single site connected to the infinite cluster, can be expressed as follows:
𝑃 (𝑝) ∝ (𝑝 − 𝑝c)𝛽 (𝑝 > 𝑝c). (3.8)
In theory, 𝑃 (𝑝) is denoted as strength of the network and follows a power law characterized
by the factor 𝛽. This factor is strongly dependent on the specific percolation type and
employed model system [241].
Transferring the basic percolation theory to an electrical network, e.g. resistor network,
Kirchhoff’s current law has to be combined with the statistical model from Equation 3.8 as
follows:
𝜎 ∝ (𝑝 − 𝑝c)𝜇 (𝑝 > 𝑝c). (3.9)
By comparing experiment and simulation, a significant deviation of the conductivity 𝜎 and
the percolation behavior 𝑃 (𝑝) near the percolation threshold is observed. This difference
may originate from a differing behavior in establishing a cluster according to the statisti-
cal percolation and in utilizing these clusters to form conductive paths through a resistor
network [241, 244–246]. By defining separate exponents 𝛽 and 𝜇 for the statistical de-
scription and for the electrical behavior of percolation networks, respectively, a sufficient
agreement between these two relations can be obtained. However, for even larger values of
𝑝, the experiment significantly deviates from the theoretical description of the conductivity
𝜎. Commonly, Monte Carlo simulation routines are used to numerically solve percolation
problems [241, 244]. Up to now, no distinct relation between 𝛽 and 𝜇 could be found, still
constituting an open topic in research.
Besides the fairly abstract model of percolation of grid-like arranged sites, more practical
shapes with various geometries can be simulated [247–250]. Since nanowire networks are
in focus of this thesis, the percolation behavior of stick geometries will be discussed in
more detail in the following. Such sticks attracted especially great attention for conductive
applications, due to exhibiting high aspect ratios (length vs. width or diameter) [251,252].
Due to allowing simpler handling and minimized errors, the sticks in the simulation are
usually treated as lines without a volume [253]. In 1974, such a system was reported and






showing a quadratic dependence in stick length 𝑙 characterized by a critical factor 𝑓 . For
a randomly oriented stick network, corresponding investigations show a value of 𝑓 = 5.71
leading to 𝛽 = 0.14 ± 0.02 and 𝜇 = 1.24 ± 0.03 [246] according to the following percolation
behavior of the network conductivity 𝜎
𝜎 ∝ (𝑁 − 𝑁c)𝜇 (𝑁 > 𝑁c). (3.11)
In this relation, the object density 𝑁 was interpreted as probability 𝑝 from Equation 3.9.
Additionally, it is noteworthy that more recent results reveal values of 𝑓 = 5.637 and
𝜇 = 1.280 ± 0.014 [254] as well as that no percolation exponents for anisotropic or aligned
stick networks could be calculated yet. All specific numbers given in this section are respec-
tive values for two-dimensional percolation problems since two dimensions are sufficient to
describe the conductivity behavior of nanowire networks. However, in literature there are
also their three-dimensional equivalents available [252].
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3.2.2 Percolation in Real Nanowire Networks
In theory, idealized geometries are investigated, so that objects like nanowires are presumed
as one-dimensional sticks instead of as cylinders with a certain volume. Nevertheless, besides
for prime examples such as AgNWs and CNTs, percolation is observed also for thin metal
films and can sufficiently be described with the theory from above [10, 180, 255]. In the
latter, island-like growth is observed at very low layer thicknesses. By stepwise increasing
the film thickness, these islands start to interconnect and finally form a single conductive
cluster (cf. Section 3.1.2 under metal-based systems). Considering CNT networks, intense
studies are carried out for such systems, proving the naturally expected stick-like percolation
characteristics [256–258]. Corresponding articles about metallic nanowire networks report
on comparable thresholds [255,259,260].
Admittedly, network-like TCEs can not be fully described by the previously mentioned
transmittance vs. sheet resistance relation of a thin-film (cf. Equation 3.6). Due to their
percolative nature, a significant deviation between measurement and fitting equation is
observed especially in the high transmittance range where the network is close to the per-
colation threshold. To illustrate the exact dependence of the conductivity on an increasing
nanowire coverage, an exemplary conductivity-nanowire density-graph (𝜎-𝑁) is shown in
Figure 3.6 (b). The diagram exhibits four characteristic regimes which will be discussed in
the following:
I Initially, there are only few nanowires on the sample surface, which may form some
clusters but do not establish a fully connected network between two contacts. Conse-
quently, only zero conductivity can be detected in this first regime.
II Suddenly, a conductive path between the measurement positions is formed leading to
a rapidly growing conductivity at the percolation threshold 𝑁c. According to Equa-
tion 3.11, the conductivity is increasing with a power law behavior since every new
wire creates additional conductive interconnections in the network. However, the con-
ductivity is fairly unstable in this regime because of a sensible dependence on the
nanowire density. In addition, only low 𝜎 values are observed, clearly excluding the
utilization as high-performing transparent electrode.
III Far behind the percolation threshold density (𝑁 ≫ 𝑁c), the conductivity starts to
increase with a lower slope. Nonetheless, it is reaching high values, converging toward
the bulk-like regime. Therefore, fairly stable conductivities are measured, allowing for
suitable transparent conducting nanowire electrodes. However, in particular in this
regime, a significant deviation between measurement and fitting with Equation 3.6
is observed. Based on a model of De et al. [255], a reasonable accordance can be
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Since the conductivity is no longer thickness-independent in this percolation regime,
De et al. defined an estimated film thickness 𝑑 for the network which is proportional
to the nanowire density 𝑁 . Consequently, also a new percolation exponent 𝑛 needs to







where 𝑑min is denoting the bordering thickness between regime III and the bulk regime
IV with its corresponding conductivity 𝜎DC,B. In combination with the known behav-
ior for thin-films (cf. Equation 3.6), this approach allows a quantitative evaluation of
all kinds of transparent electrodes as can be seen in Figure 3.7. Here, the optoelec-
tronic performance of various percolation-based TCEs is plotted in a transmittance vs.
sheet resistance diagram and corresponding percolation (solid lines) and bulk regimes
(dashed lines) are fitted according to Equation 3.12 and 3.6, respectively. Thereby, a



















Figure 3.7: Percolation (solid lines) and bulk regimes (dashed lines) in various nano-
structured TCEs. The fitting was carried out according to Equations 3.12 and 3.6, re-
spectively. Adapted with permission from [255]. Copyright 2010 American Chemical
Society.
IV After passing the critical thickness 𝑑min, no percolation behavior can be observed and
the bulk regime is reached. Since every new wire just introduces additional material to
the network, a constant bulk conductivity 𝜎DC,B is observed according to the behavior
in bulky thin-films.
In conclusion, percolation-based TCEs, such as nanowire networks, always require a
careful and separate performance analysis due to exhibiting two distinct regimes in the
optoelectronic performance plot (transmittance in dependency of sheet resistance). A first
regime at low coverage is dominated by the percolative nature of such networks and a
second regime at higher coverage behaves equal to that of a thin-film. For each regime a
dimensionless figure of merit, denoted as FoM (bulk) or pFoM (percolation), can be fitted
with Equation 3.6 and 3.12, respectively. Although both FoMs still depend on wavelength,
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they are commonly used to compare the optoelectronic performance of different TCEs. Here,
typically the transmittance at a wavelength of 550 nm is used, since most TCEs exhibit a
flat transmittance in the visible [76].
3.2.3 Synthesis of Silver Nanowire Networks
In general, a lot of different routes to synthesize metallic nanowires are developed [261].
Basically, a classification between hard template and soft template methods can be made. In
hard template processes, usually porous materials like aluminium oxide or nanochannel array
glass are used to grow nanowires inside pores [262,263]. Subsequently, the template needs to
be removed and nanometer-size metal cylinders are obtained. However, such processing steps
make the whole fabrication unnecessarily complicated and costly. In addition, difficulties
are faced if a variation in nanowire diameter is required. Furthermore, a growth of very long
nanowires, which is required for high-performing NW TCEs, is very difficult. Besides those
drawbacks, another disadvantage of hard template fabrication is the intricate upscaling to
gram ranges.
Using soft templates allows a completely eligible growth alternative where the process
parameters, for instance, material amount, pressure, temperature, or respective additives,
are adjusted to selectively control the geometry, morphology and dimensions of nanowires.
Additionally, such methods are carried out in solution offering a direct transfer to a R2R-
based deposition and therefore potentially low costs also. Besides DNA-strands [264] or
block-copolymers [265], various soft materials can provide a reasonable matrix to grow
nanowires.
In particular for AgNWs, a exceptional facile and efficient synthesis was suggested by
Sun et al. in 2003 [266]. Therein, a polymeric capping material is used as soft frame such
that modified versions of this so-called polyol synthesis yield very long wires with lengths of
100 𝜇m [213,214] and up to 500 𝜇m [219,267]. The basic process, subdivided in three steps,
is depicted in Figure 3.8:
(a) From solution to particle (b) From particle to wire (c) Final product
PVP = Polyvinylpyrrolidone
Figure 3.8: Synthesis of silver nanowires: (a) Various seeds are obtained when silver
salt (Ag+), reducing and capping agents are dissolved in ethylene glycol (EG) and treated
at elevated temperatures. (b) Commonly giving elongated nanostructures, the multiply
twinned mode is exclusively stimulated by using the passivating polymer polyvinylpyrroli-
done (PVP). (c) SEM images of the the final product, long silver nanowires with a
pentagonal cross section. Adapted with permission from [266, 268]. Copyright 2003 and
2007 American Chemical Society.
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(a) First of all, the silver salt AgNO3 (Ag+), reducing and capping agents are dissolved in
ethylene glycol (EG). Upon annealing, the metal is reduced and precipitates to various
fluctuating, including single crystals, singly twinned, and multiply twinned structures.
(b) For AgNWs, the multiply twinned mode needs to stimulated which is commonly real-
ized by means of polyvinylpyrrolidone (PVP), a jack-of-all-trades in chemistry [269].
The use of PVP, allows a fairly selective growth of elongated nanostructures since it
preferably attaches to the (100) crystal direction of silver while leaving the (111) facets
open. Thus, additional silver (Ag0) can only be bound at the end of the wire since
the sides are passivated by PVP.
(c) If the kinetics and thermodynamics during the reaction are considered correctly, fi-
nally, long elongated wire-like geometries are obtained [270, 271]. According to the
passivating effect of PVP (cf. (b)), such wires exhibit a distinct pentagonal cross sec-
tion clearly visible in corresponding SEM images (cf. Figure 3.8 (c)).
Besides the polyol synthesis described above, further procedures for silver nanowires
[272–274], as well as for other metallic nanowires, including copper [275–277], gold [278,279],
platinum [280], paladium [281], and nickel [282] are reported in literature.
3.2.4 Specialties of Metallic Nanowires
Due to their extraordinarily small dimensions in the nanometer range, metallic nanowires
exhibit special electrical and optical properties. In comparison to conventional cables used
for consumer electronics, significant resistance deviations are observed for single nanowires
since confinement effects for the current flowing through the wires needs to be considered in
such “nanocables”. Optically, nanowires show pronounced scattering and distinct plasmonic
behavior which can be attributed also to their diminutive extensions, in particular, to their
diameters in the sub(-optical)-wavelength regime. In the following two sections, these effects
are explained in more detail.
Electrical specialties
Although typically exhibiting pentagonal cross sections (cf. Section 3.2.3), single nanowires
can sufficiently be described by a cylindrical geometry. According to Pouillet’s law for
resistors with uniform cross-section, the resistance of a single nanowire 𝑅NW can be expressed
via its length 𝑙, radius 𝑟, and resistivity 𝜌NW as follows




As previously stated, conductivity in nanowires faces significant restriction effects. Due to
comparatively small dimensions in range of the electron mean free path, the movement and
probability density of electrons can be confined resulting in a larger nanowire resistivity
𝜌NW than its respective counterpart in bulk metals 𝜌B. Basically, two different mechanisms
contribute to such deviations: On the one hand surface scattering and on the other hand
quantum confinement is influencing the electrons. The latter contribution usually gets
pronounced for diameters of less than 10 nm [283,284]. Surface scattering already influences
the conductivity behavior of nanowires at larger diameters, below 200 nm [285]. Since
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most nanowires in typical TCEs exhibit diameters between 30 to 200 nm [17, 213, 214]),
quantum confinement can be neglected and only surface scattering significantly contributes
to resistivity deviations in such systems.
According to early investigations by Dingle et al. and Chambers et al. [286, 287], the
surface scattering of electrons is taken into account by correcting the bulk resistivity 𝜌B
with a factor depending on the wire diameter 𝑑, the electron mean free path 𝑙0, and the
fraction 𝜀 of conduction electrons undergoing specular reflection at the wire surface. Thus,
the resistivity of thin wires 𝜌NW can be expressed as follows
𝜌NW = 𝐶(𝜀, 𝑙0, 𝑑) · 𝜌B =
[︃




For crystalline copper and silver nanowires, values for 𝜀 and 𝑙0 are reported for various di-
ameters [285]. In detail, values of 𝜀 ≈ 0.5 and 𝑙0 ≈ 30 nm for AgNWs with a diameter of
100 nm, as well as 𝜌B = 1.629 × 10−8 Ωm for bulk silver are shown. By using the literature
values above, a resulting AgNW resistivity of 𝜌NW ≈ 2.78 × 10−8 Ωm can be calculated
which is comparable to other experimental results for AgNWs synthesized by various soft
template procedures [215, 288, 289]. In addition, one can counter that surface scattering
should significantly depend on the quality of the nanowire surface. However, similar re-
sults are reported for different synthesis routes [268, 285, 290] proving the reliability of the
parameters, including 𝜌NW ≈ 2.78 × 10−8 Ωm, shown above.
Finally, the resistance of our standard AgNWs (diameter of 90 nm) can be calculated
with the help of Equation 3.15. For this purpose, the resistivity of 𝜌NW ≈ 2.78 × 10−8 Ωm
(actually for AgNWs with a diameter of 100 nm) was used, since it does not significantly
deviate from 𝜌NW for a diameter of 90 nm (cf. [285]). Hereby, an approximate resistance 𝑅NW
(normalized to its mean length) for a single AgNW of our standard dispersion (𝑑 = 90 nm,
𝑙 = 25 𝜇m, cf. Section 4.1.1) can be obtained
𝑅NW/𝑙 ≈ 4.40 Ω/𝜇m. (3.17)
Special optical properties
A complete simulation of the optical behavior of randomly distributed metallic nanowire
networks turns out as rather difficult since numerous individual effects are contributing to
the overall electrical field distribution which, moreover, show a complex coupling behavior
among each other [291,292].
Typical optical effects in nanostructures are observed if metallic particle dimensions (e.g.
radius) are much smaller than the wavelength of the incident electromagnetic radiation. Ba-
sically, these effects can be described by either inelastic (affects absorption and re-emission)
or elastic interactions (affects transmittance and reflectance) between light and matter.
Inelastic interactions in nano-structured metallic objects can usually be attributed to
the generation of so-called “plasmons” which are quasi-particles describing oscillations in
the Fermi gas of metals. In the sub-wavelength dimensions of nanostructures (𝑟 ≪ 𝜆), the
electromagnetic field can couple to the electron gas such that it directly follows the field
oscillations. These oscillations are called localized surface plasmon resonances (LSPR) and
can be described by the Mie theory using size-dependent dielectric functions [293]. At the
resonance frequency, strong plasmonic absorption can be detected, depending on material,
environment, and dimension of the nanoparticle [294, 295]. For larger particles, higher
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elastic scattering fractions can be deduced from the theory [296]. Away from spherical
geometries, higher modes, e.g. quadrupoles, need be taken into account leading to more
complex oscillation shapes and various resonances [297]. In particular for long nanowires
(𝑙 ≪ 𝜆), LSPR effects are only pronounced if incident light is polarized perpendicular to
the nanowire (transverse electric (TE)). For parallel polarized (transverse magnetic (TM))
light, no significant LSPR effects are observed since distinct low order modes are shifted to
the IR [274,298–300]. Although only observable if light can be coupled in at the ends of long
nanowires, surface plasmon polaritions (SPP) need to be taken into account as well since
they allow interesting physical effects [268,301]. In detail, a SPP is a further quasi-particle,
combining the movement of charges in metal (surface plasmon) and of phontons in dielectric
media (polariton). Accordingly, confined electromagnetic waves propagating along metal-
dielectric interfaces can be described by SPPs. Therefore, they are only observed in the long
axis of nanowires. Nevertheless, SPPs can be utilized to build nanowire-based plasmonic
waveguides [301].
Elastic interactions either originate from a hindered transmittance in very narrow ar-
eas of the nanowire network or from diffraction at the wires. In the former case, incident
TE-polarized light can be trapped between tightly lying wires constituting waveguide-like
geometries (metal/insulator/metal). In contrast, TM-polarized light is not affected by such
confined structures [302, 303]. Although nicely observed in regularly patterned grids, this
effect is not that pronounced in nanowire networks. Their typical random orientation ex-
cludes the formation of defined waveguide-like channels. The same explanation is also valid
for the consideration of diffractive effects in nanowire networks. Due to typically exhibiting
random arrangements, no distinct pattern can serve as a defined diffraction grating.
As a summary, total (solid lines) and diffuse transmittance (dashed lines) spectra of
randomly distributed nanowire networks with varying diameters are depicted in Figure 3.9.
The high transmittance at 325 nm results from plasma resonance and interband transition

















W a v e l e n g t h  [ n m ]
T o t a l  /  D i f f u s e  T r a n s m i t t a n c e
 /   A g N W - 2 5
 /   A g N W - 3 5
 /   A g N W - 9 0
Figure 3.9: Total (soild lines) and diffuse transmittance (dashed lines) of networks
of randomly distributed silver nanowires with diameters of 25 nm (AgNW-25), 35 nm
(AgNW-35), and 90 nm (AgNW-90).
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effects [304, 305]. Since the plasma resonance is a material specific quantity, the height of
the corresponding peak is independent from the NW diameter. A clear asymmetric trans-
mittance dip is visible at around 350 nm which can be attributed to LSPR at the short
nanowire axis. Due to exhibiting higher LSPR in smaller dimensions, the plasmonic dip is
most pronounced for smaller diameters. In the region above 450 nm, the total transmittance
is predominantly flat. However, also in this regime LSPR effects are visible since the curves
show a more bended shape toward higher wavelengths with decreasing nanowire diameter.
By subtracting the direct transmittance from the total transmittance, one obtains the dif-
fuse transmittance describing the scattering behavior of AgNW networks shown here. In
networks with larger diameter, higher scattering fractions are present which nicely coincide





In this chapter, materials, sample preparations, and characterization tech-
niques utilized in this thesis are described in more detail. Since the focus
of this thesis is on silver nanowires as transparent electrodes for organic so-
lar cells, the respective materials, preparation techniques, and characterization
methods are individually discussed for the electrode and the solar cell case.
4.1 Materials
4.1.1 Electrode Materials
Besides networks of silver nanowires, also carbon nanotube networks are evaluated in this
thesis as transparent electrode for small molecule-based organic solar cells. Furthermore,
the performance of both electrode types on thin and flexible moisture barrier substrates (cf.
below) is investigated.
Silver nanowires and auxiliary materials
Due to a higher reliability in amount and quality, all nanowires used in thesis are commer-
cially available products. Two silver nanowire dispersions SLV-NW-35/SLV-NW-90 (Blue-
Nano, Charlotte (NC), USA) with a mean diameter of 35 nm/90 nm and a mean length of
10 𝜇m/25 𝜇m, both with less than 0.5 % polymer content, are obtained in ethanol (EtOH)
(10 mg/ml). Another dispersion AgNW-25 (Seashell Technology, La Jolla (CA), USA) with
a mean diameter of 25 nm and a mean length of 23 𝜇m is purchased in isopropyl alcohol
(IPA) (1 wt.%). Although different lots are ordered from BlueNano, always reliable results
are obtained in respective nanowire electrodes. Therefore, no distinction will be made be-
tween the various BlueNano lots, such that SLV-NW-35 and SLV-NW-90 are referred in
following as AgNW-35 and AgNW-90, respectively. From Seashell Technology only one lot
of AgNW-25 is purchased, which will be referred to as AgNW-25.
Additionally, specific compounds are used to drastically improve the initial performance
of silver nanowire electrodes (cf. Chapter 5). These are purchased from Sigma-Aldrich, St.
Louis (MO), USA in molar weights 𝑀 and subsequently diluted with deionized water (DI)
to concentrations 𝐶 as listed in Table 4.1:
For Silver nanowire top-electrodes (cf. Chapter 6), the dispersion is modified using
Methylnonofluor-n-butylether (HFE-7100) (3M Novec, Neuss, Germany) in combination
4 Experimental
Short/ long material name 𝐶 [ wt.%] 𝑀 [ g/mol]
SDS Sodium dodecyl sulfate 2.0 288.38
HDAB Hexadecyltrimethylammonium bromide 1.0 364.45
PGE Poly(ethylene glycol) methyl ether 2.0 550 or 750
PVP Polyvinylpyrrolidone 2.0 10000 or 55000
PVA Poly(vinyl alcohol) 1.0 89000 . . . 98000
PDAC Polydiallyldimethylammonium chloride 0.5 250000 . . . 350000
PVS Poly(vinylsulfonic acid, sodium salt) 2.0 4000 . . . 6000
PSS Poly(sodium styrene sulfonate) 2.0 75000
PAH Poly(allylamine hydrochloride) 1.0 12000 . . . 20000
Brij30 Polyoxyethylen (4) laurylether 1.0 ≈ 362
Brij56 Polyoxyethylen (10) cetylether 1.0 ≈ 683
Brij76 Polyoxyethylen (10) stearylether 1.0 ≈ 711
Brij93 Polyoxyethylene (2) oleyl ether 1.0 ≈ 357
Table 4.1: Performance improving compounds for silver nanowire electrodes with cor-
responding concentrations 𝐶 in deionized water and molar weights 𝑀 according to the
supplier Sigma-Aldrich, St. Louis (MO), USA.
with either 1H,1H,2H,2H-perfluorodecanethiol (f-Thiol) (Sigma Aldrich, St. Louis (MO),
USA) or EGC-2702 (3M Novec, Neuss, Germany). The corresponding procedure is described
in Section 4.2.1.
Carbon nanotube networks
Carbon nanotube networks on polyethylene terephthalate (PET) substrates (Melinex ST
504, 125 𝜇m, DuPont Teijin Films, Wilmington (DE), USA) are obtained from Canatu Oy,
Helsinki, Finland. The CNTs are grown in a carbon gas phase according to [163] and directly
transferred on the substrate using Canatu’s patented direct dry printing method. The gas
phase-based synthesis yields clean, unbundled SW-CNTs with high crystallinity and the
seamlessly following printing process allows the processing of homogenous and patterned
CNT films at room temperature 𝑇RT. To maintain the performance of the CNTs, they
are stored in the nitrogen atmosphere of a glove box. In addition, no solvents are used
during the substrate cleaning procedure. Instead, a contact cleaner “Nanocleen” (Teknek
Ltd, Renfreshwire, UK) is used which mainly removes dust from the sample surface.
Moisture barrier substrate
Barrier substrates made of polyethylenterephthalate (PET, Melinex ST 504, 125 𝜇m, DuPont
Teijin Films, Wilmington (DE), USA) coated with a moisture barrier are obtained from a
collaboration with Amcor and Fraunhofer ISC as well as IVV (all Germany). In detail,
the barrier consists of an alternating Ormocer/SiOx multilayer-structure. In the course of
this thesis, the barrier including PET substrate will be denoted as ORM. Since these barrier
substrates are also sensible to some solvents, again the contact cleaner “Nanocleen” (Teknek
Ltd, Renfreshwire, UK) is used.
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4.1.2 Solar Cell Materials
Every layer in an organic solar cell has to satisfy certain functions, which can only be
fulfilled by specific materials. Additionally, it should be taken into account that oxygen
and water are able to gradually degrade organic devices. Since the processed solar cells are
characterized in a nitrogen atmosphere or are encapsulated with glass slides, air- and water-
stability seems less important within lab environments. However, concerning the long-term
stability of prospective products, this requirement should be attached with great importance
since the oxygen fraction still penetrating through the encapsulation is not negligible for
very long periods.
Since this thesis is primarily dealing with improving and incorporating silver nanowire
networks in organic solar cells, well established organic compounds and stack architec-
tures are chosen. In Figure 4.1 structures of the most important molecules are shown.























Figure 4.1: Standard solar cell materials used in this thesis: DCV2-5T-Me as donor
and C60 as acceptor for the photo-active layer of the solar cell. As electron transport
material MH250 n-type doped with W2(hpp)4 and hole transport materials, either BF-
DPB or BPAPF, both p-type doped with the proprietary material NDP9, are used.
den, Germany) and as donor DCV2-5T-Me (2,2’-((3’’,4’’-dimethyl-[2,2’:5’,2’’:5’’,2’’’:5’’’,2’’’’-
quinquethiophene]-5,5’’’’-diyl)bis(methanylylidene))dimalononitrile) (Synthon, Wolfen, Ger-
many). For hole transport BF-DPB (N,N’-((diphenyl-N,N’-bis)9,9,-dimethyl-fluoren-2-yl)-
benzidine) (Synthon, Wolfen, Germany) and BPAPF (9,9-bis[4-(N,N-bis-biphenyl-4-ylamino)
phenyl]-9H-fluorene) (Lumtec, Hsin-Chu, Taiwan), and for electron transport MH250 (a
naphthalene-tetracarboxylicdiimide derivative) (synthesized in house). The corresponding
p-type dopant is NDP9 (Novaled GmbH, Dresden, Germany) and the n-type dopant is
W2(hpp)4 (Tetrakis(1,3,4,6,7,8-hexahydro-2H-pyrimido[1,2-a]pyrimidinato)ditungsten) (No-
valed GmbH, Dresden, Germany). For opaque metal electrodes, aluminum (Lesker, Hast-
ings, UK) or silver (Allgemeine Gold- und Silberscheideanstalt Ag, Pforzheim, Germany)
is used. Beside these materials, also ZnPc (zinc-phthalocyanine) (CreaPhys, Dresden, Ger-
many), SubNc (Boron subnaphthalocyanine chloride) (Lumtec, Hsin-Chu, Taiwan), SubPc
(Boron subphthalocyanine chloride) (Lumtec, Hsin-Chu, Taiwan), 𝛼-6T (2-(thiophen-2-yl)-
5-(5-5-[5-(thiophen-2-yl)thiophen-2-yl]thiophen-2-ylthiophen-2-yl)thiophene) (TCI Europe,
Zwijndrecht, Belgium), BPhen (4,7-diphenyl-1,10-phenanthroline) (abcr GmbH, Karlsruhe,
Germany), Meo-TPD (N,N,N’,N’-tetrakis(4-methoxyphenyl)-benzidine) (Sensient, Milwau-
kee (WI), USA), and Alq3 (Tris(8-hydroxy-quinolinato)-aluminium) (Sensient, Milwaukee
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(WI), USA) are used but not shown in Figure 4.1. Subsequently to the purchase or syn-
thesis, the organic compounds are purified by at least two times gradient sublimation in
vacuum or ultra high vacuum (UHV).
4.2 Sample Preparation
4.2.1 Electrode Preparation
Modification of silver nanowire dispersion
For top-electrode fabrication (cf. Chapter 6), the as-purchased silver nanowire dispersion is
modified with either a perfluorinated thiol (f-Thiol) or a perfluorinated polymer EGC-2702
(both described in Section 4.1.1 under silver nanowires and auxiliary materials).
(a) Modification with f-Thiol: 0.7 ml ethanol solution of AgNW-90 is diluted with 3.5 ml
of ethanol and sonicated briefly. Then the thiol is added in a 1:10 Ag:thiol molar ratio
and the mixture is stirred at 𝑇RT over night or 5 h at 50 ∘C. The nanowires are then
washed with ethanol and HFE-7100 successively and redispersed in HFE-7100.
(b) Modifcation with EGC-2702: 0.7 ml ethanol solution of AgNW-90 is diluted with
3.5 ml of ethanol. After short sonication 3 ml of EGC-2702 are added and the mixture
is magnetically stirred for 10 min. The resulting solution is transferred into 6 centrifuge
tubes (each of 2 ml volume) and centrifuged for 60 s at 13000 rpm. Finally, the AgNWs
are redispersed in 7 ml of HFE-7100. Alternatively, the AgNWs are six times solvent
washed in each cycle with 1 ml HFE-7100 and then redispersed in HFE-7100.
Spray-coating
Nearly all silver nanowire electrodes in this thesis are fabricated with the customized spray-
coating system depicted in Figure 4.2. In this system, a needle valve SV1000SS (Fisnar,
Wayne (NJ), USA) and a heating plate with temperature controller (LAC, Rajhrad, Czech
Republic) are mounted on a x-y-z-moving robot F7300N (Fisnar, Wayne (NJ), USA) allow-
ing for a deposition on maximal 20 × 20 cm2 substrates. To automatically open and close
the valve, a pressure controller VC1200 (Fisnar, Wayne (NJ), USA) synchronized with the
moving robot is used. This controller also applies a spraying pressure of 200 mbar to a
cartridge used as NW reservoir. Additionally, a vacuum pump is attached to the cartridge
to reduce the deposition amount, enabling a precise control of the material flow through the
needle valve. Prior to spraying, the as-purchased EtOH-based (bottom-electrode)/modified
AgNW dispersion (top-electrode) is diluted with EtOH/HFE-7100 down to a concentration
of 0.2 mg/ml and sonicated for 15 min. By means of a computer program, various spraying
parameters and patterns can be set. As standard, the spraying distance, moving speed and
spraying pattern of the valve is 12 cm, 1.5 cm/s, and a meander-like pattern respectively. To
guarantee a fast EtOH/HFE-7100 evaporation, the samples are heated at 80/30 ∘C. Finally,
homogeneous films of randomly distributed nanowire networks are obtained. After corre-
sponding post-processing, these networks exhibit sufficient performance for the application
as transparent electrodes in organic solar cells.
In this thesis, additional sublayer materials are coated below AgNWs to drastically














Figure 4.2: Scheme and photograph of the spray-coating system used for the deposition
of silver nanowires.
as well as their concentrations in DI, are listed in Table 4.1. Subsequent to the dilution,
the sublayer materials are filtered using a 0.45 𝜇m PVDF syringe filter (Sigma-Aldrich, St.
Louis (MO), USA) and spin-coated using a SM-180 easy (Sawatec, Sax, Switzerland) as
depicted in the scheme of Figure 4.3 (b) at a spin speed of 3000 rpm for 30 s, followed by an
annealing step for 15 min at 120 ∘C to remove residual water. According to the procedure
above, silver nanowires are directly spray-coated onto these sublayers.
Dip-coating
In contrast to spray-coating, which only yields randomly distributed nanowire networks,
dip-coating is used to obtain anisotropic networks where most of the nanowires are aligned
in parallel to the dipping direction. For this purpose, a dip-coating system according to the
scheme in Figure 4.3 (a) is used which automatically (1) immerses the sample with the NW
dispersion, (2) slowly pulls out the substrate to guarantee a complete solvent evaporation as
well as a reasonable NW orientation, (3) waits until the non-volatile substances settle down
on the substrate and repeats these three steps until the desired coverage (transmittance)
is reached. To avoid agglomeration of NWs on the sample surface, the NW dispersion is
sonicated prior to the dipping procedure and magnetically stirred during each waiting time
of step (3). Additionally, the whole system is mounted in a bio-flowbox allowing to set the
relative humidity to a constant level of around 30 % by utilizing silica gel as a water absorber.
An immersion velocity of 0.1 mm/s, a pull-out velocity of 0.1 mm/s, a drying break of 20 s,
and an immersion-break of 5 s are used as standard. To obtain pseudo random networks,
the substrate is rotated by 90∘ after half of the cycles. Besides the system described above,
a comparably operating dip-coater of smaller size can be placed inside a glovebox allowing






Figure 4.3: Schemata of (a) dip-coating and (b) spin-coating. Adapted from
wikipedia.org.
Planarization
As already mentioned in Section 3.1.1 under low surface roughness, the inherently rough
AgNW networks need to be smoothed with additional planarization layers. For this pur-
pose, various PEDOT:PSS formulations are spin-coated using a SM-180 easy (Sawatec, Sax,
Switzerland) in as-purchased state from Heraeus Clevios (Leverkusen, Germany) directly on
the AgNWs. To improve the wettability, the nanowire electrode is treated prior to the spin-
coating for 5 min with argon plasma using a plasma cleaner/sterilizer PDC-002 (Harrick
Scientific Products, Pleasantville (NY), USA). The lowly conductive PEDOT:PSS formu-
lation P VP AI 4083 is spin-coated at 3000 rpm for 30 s. For an easier notation, this type
of PEDOT:PSS will be called VPAI in the following. Furthermore, a highly conductive
PEDOT:PSS (PH1000) is spin-coated and treated with ethylene glycol according to the
publication of Kim et al. [14]. If this type of PEDOT:PSS is applied, it will be denoted as
PH1000 in the following. The hole transporting polymer TFB (Poly[(9,9-dioctylfluorenyl-
2,7-diyl)-co-(4,4’-(N-(4-sec-butylphenyl)diphenylamine)], Sigma-Aldrich, St. Louis (MO),
USA) is spin-coated (3000 rpm, 30 s) for the use in only three CNT-based solar cells.
Structuring
AgNW electrodes are structured according to the layout shown in Figure 4.5 (a) with a
1064 nm Nd:YAG laser scribing system EconomyDiode (ACI Laser GmbH, Nohra, Germany)
by using two cycles with a pulse duration of 3 𝜇s, a velocity of 250 mm/s, a repetition rate of
6000 Hz, and a power of 100 %. For PET substrates, the power and repetition rate is reduced
to 50 % and 2000 Hz, respectively. In both cases, a combination of diagonal and wobbling
lines, are used as scribing pattern. In particular for AgNW top-electrode preparation, a
customized shadow mask is used during the spray deposition.
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4.2.2 Solar Cell Preparation at the Evaporation System “UFO 1”
In Figure 4.4 the UHV multichamber evaporation system “UFO 1” (Bestec GmbH, Berlin,
Germany) is depicted, where some samples are prepared. Within the dust-free environment
of a laminar flow box, substrates for solar cells are initially mounted on the designated
Teflon sample holder with minimal contact resistance (< 3 Ω) between bottom-electrode
and holder. Subsequently, the sample holder is transferred into the nitrogen atmosphere of
a glove box, exhibiting very low partial pressure for oxygen and water (< 1 ppm). In the next
step, the sample holder is directly introduced in the UHV of the so-called “handler” chamber.
From here, the sample can easily be transferred to the adjacent vacuum chambers where
the evaporation of respective organic materials is carried out. Thus, the sample is steadily
in vacuum, protecting the sample from unfavorable exposure to ambient conditions. To
avoid cross-contamination, only specific material classes are stored in each of the adjacent











Figure 4.4: (a) Photograph of the UHV multichamber evaporation system “UFO 1” by
Dr. Christian Körner (IAPP). Usually, samples are transferred via a flow box and a
glove box into the central chamber (“handler”). Subsequently, samples can be introduced
in the adjacent chambers where the evaporation with specific materials is carried out. (b)
Scheme of the co-evaporation of organic compounds (and metals) after [306].
The deposition of organic materials (and the aluminum top-electrode) is done via ther-
mal evaporation in UHV under a base pressure of 10−8 mbar and through shadow masks as
easy and reliable structuring technique. In detail, the sources (CreaPhys GmbH, Germany)
are ceramic crucibles surrounded by tungsten wires for heating and a copper cylinder for
shielding. At the bottom of the crucible, a Ni/CrNi thermocouple is measuring the temper-
ature which can be adjusted by Eurotherm temperature control units. The layer thickness
can be in-situ monitored on angstrom scale. For that purpose, an arrangement of two
calibrated quartz crystal microbalances (QCMs) is placed next to each crucible. Thus, a
co-evaporation of two (or more) materials can be realized to obtain, for instance, BHJs
for photo-active layers in organic solar cells, or doped films for electron and hole transport
layers (cf. Figure 4.4). While for the deposition of BHJs, usually a volume ratio is used,
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Here, the ratio between dopant mass 𝑚D and the total mass of the layer, which is the sum
of matrix mass 𝑚M and 𝑚D, is used. Since our system monitors only thickness, one needs
to replace the mass of a material by its respective density 𝜌 and thickness 𝑑. In addition, a
defined substrate temperature of up to 160 ∘C can be set at all deposition systems.
The whole evaporation system is optimized for one square inch samples. These are
typically 2.5 × 2.5 cm2 pure glass substrates (BK7, 1.1 mm, Schott, Mainz, Germany) for
AgNWs or ITO on glass (Corning Eagle XG, 1.1 mm, Thin Film Devices, USA) pre-cleaned
according to the procedure listed in Table 4.2 and coated with a structured transparent
bottom-electrode according to the four-finger layout depicted in Figure 4.5 (a). In case of
using CNTs, a different layout is used as depicted in Figure 4.5 (b).
Cleaning step (at 𝑇RT) Duration [s].
Ultra sonic bath in N-Methyl-2-pyrrolidone 1200
Rinsing in deionized water 300
Ultra sonic bath in deionized water 600
Ultra sonic bath in ethanol 600
Spinrinser 900
Oxygen/UV-ozone plasma (at UFO/Lesker) 600









Figure 4.5: Typical substrate layouts: (a) Standard layout as used for silver nanowire
and ITO bottom-electrodes. Four transparent bottom-electrode fingers are pre-structured
on the substrate. Above, several nanometer thin organic layers are evaporated one after
another, completed with an opaque metal top-contact. Consequently, four organic solar
cells (also called pixels) are obtained, where each pixel has a size of about 6.5 mm2. (b)
Adjusted layout as used for CNT bottom-electrodes.
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On the prepared substrates, including cleaning, electrode preparation, and planarization,
the typical layer sequence of an organic solar cell is deposited which is usually finalized by
an opaque metal top-contact. Thus, four identically prepared organic solar cells with pixel
areas of about 6.5 mm2 are obtained.
Additionally, conductive silver lacquer is used to establish a better electrical contact
between the sample holder and the substrate. After the lacquer is applied, it needs to be
annealed since the containing solvent can easily contaminate UHV in the chamber as well as
the organic layers. By putting the whole sample holder, including prepared substrate, into
an oven for 60 min at 120 ∘C, most of the solvent is evaporated. Directly before transferring
the sample holder in the glove box, a quickly drying polymer solution is painted on ITO
substrates. This solution “First Contact” (Optoprim, Germany) avoids the attachments of
dust particles on the active area of the sample. The corresponding film needs approximately
20 min to dry in the laminar flow box and is peeled inside the glove box.
4.2.3 Solar Cell Preparation at the Evaporation System “Lesker”
In contrast to the deposition tool “UFO 1”, where only one device can be fabricated under
equal processing conditions, another system named “Lesker” (Kurt J. Lesker, Hastings, UK)
can be used to prepare a set of organic devices under exactly the same conditions. Since
it is only a UHV single chamber, all kinds of material types are deposited inside the same
chamber at a base pressure of 10−8 mbar. The corresponding substrate is a 15 × 15 cm2
wafer consisting of 4×4 or 6×6 substrates, which are identical in dimensions and geometry
to the single sample layout depicted in Figure 4.5 (a), as well as cleaned also according to
the procedure listed in Table 4.2.
By using specific metal masks, individual samples can be partially shadowed, such that
16 or 36 devices with different stack architectures can be fabricated under exactly the same
processing conditions. To guarantee a homogenous layer growth all over the Lesker wafer, the
entire sample holder rotates above the evaporation sources. Directly after the fabrication,
the obtained samples are transferred into a glove box where they are encapsulated. By using
a two component glue (UV RESIN XNR5590, Nagase ChemteX, Japan), a glass slide and
a getter material (Dynic Corporation Minato-Ku, Japan) is glued onto the organic devices.
Subsequently, these samples can be characterized under ambient atmosphere since they are
now protected from degrading influences, such as water and oxygen. To ensure reliability
and quality, the deposition of Lesker samples, as well as the encapsulation of all samples,
is carried out by the operators Tobias Günther, Andreas Wendel, and Caroline Walde (all
IAPP).
4.2.4 Typical Stack Architecture of the Organic Solar Cells
The organic solar cells fabricated in this thesis are designed according to the p-i-n concept
which is described in Section 2.2.3 and depicted in Figure 2.15. By using the organic dyes
introduced in Section 4.1.2, various stack architectures can be realized. In Figure 4.6 a layer
sequence tailored for the incorporation of AgNWs or CNTs and mainly used in this thesis
is shown alongside with the molecular structures of the corresponding organic compounds.
The standard stack architecture is an inverted p-i-n structure, denoted as n-i-p stack,























































Figure 4.6: Standard solar cell stack and corresponding structure of the employed
molecules. Directly on the transparent silver nanowire bottom-electrode, planarization
layers are deposited to smoothen the inherently rough nanowire networks. The solar cell
device is a highly efficient n-i-p stack [8] utilizing DCV2-5T-Me as donor and C60 as
acceptor in a photo-active bulk heterojunction layer (AL). The electron transport layer
(ETL) consists of MH250 n-type doped with W2(hpp)4. As hole transport layers (HTL),
either BF-DPB or BPAPF, both p-type doped with the proprietary material NDP9, are
used. The solar device is completed with a thick aluminum film as opaque top-contact.
are achieved in respective small molecule organic solar cells [8]. However, for an incorpo-
ration of AgNWs as transparent bottom-electrode, additional planarization layers need to
be introduced between the NW network and the device stack (cf. Section 3.1.1 under low
surface roughness). For that purpose, usually a combination of a spin-coated PEDOT:PSS
layer and a very thick thermally evaporated HTL is employed. Here, the lowly conductive
PEDOT:PSS formulation VPAI and a 150 nm thick HTL compromising BF-DPB p-type
doped with NDP9 are used. Since the p-type dopant NDP9 strongly absorbs, most of the
HTL (140 nm) is doped with only 5 wt.% to reduce parasitic absorption while maintaining
a sufficient HTL conductivity. The last 10 nm of the HTL are doped with 10 wt.% NDP9
to establish a reasonable recombination contact [307] with the subsequent n-type doped
layer. To improve the injection behavior between PEDOT:PSS and the thick HTL, one
nanometer of pure p-dopant NDP9 is deposited. Directly on the planarization, the highly
efficient n-i-p stack, as reported in literature [8], is thermally evaporated. In detail, 5 nm
of MH250 n-type doped with 7 wt.% W2(hpp)4 is constituting the ETL. Subsequently, the
40 nm thick photo-active BHJ layer is deposited comprising of DCV2-5T-Me as donor and
C60 as acceptor blended in a volume ratio of 2:1. During the deposition, the whole substrate
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is heated at 90 ∘C to obtain a beneficial morphology for charge separation and ambipolar
charge transport [8]. By means of undoped 15 nm C60 and 5 nm BPAPF sandwiching the
BHJ, exciton reflection and charge blocking as well as a prevention of dopant diffusion is
achieved. The stack is continued with the HTL comprising of 30 nm of BPAPF and 10 nm
of BF-DPB, both p-type doped with 10 wt.% NDP9. As next layer, again a one nanometer
thick film of pure p-dopant NDP9 is used to ensure a sufficient barrier-free interface. Finally,
a 100 nm thick aluminum layer is deposited as opaque top-electrode. Due to the high reflec-
tivity of aluminum, a standing wave is formed inside the whole device. The corresponding
maximum can be centered in the photo-active layer by purposefully adjusting the HTL and
ETL thickness. By assuming ITO on glass as substrate, the ETL and HTL thickness are
estimated for all electrode types by means of an optical transfer matrix algorithm which
uses the refractive index and the extinction coefficient of the employed materials.
4.3 Characterization Methods
4.3.1 Optical Properties
To characterize the full transmittance behavior of the transparent electrodes investigated in
this work, typically total transmittance measurements are carried out with an integrating
sphere (made of barium oxide) at a MPC 3100 two beam UV-VIS spectrometer (Shimadzu,
Kyōto, Japan) at an illumination gap width of 8 nm and at very slow measurement speed.
Moreover, the scattering fraction (also called diffuse transmittance) is determined by the
subtraction of direct from total transmittance. For that purpose, the direct transmittance
(incident light perpendicular to the sample surface) is measured using the MPC 3100 as
well, but in this case without integrating sphere, at an illumination gap width of 2 nm and
at slow measurement speed. For a better comparability among all characterized electrodes,
both transmittance types are measured in a range between 300 and 800 nm (step width
of 2 nm) including substrate and corrected for air as reference. Additionally, polarization
dependent transmittance values are measured by mounting a polarizer in the incident light
beam directly before it passes the sample.
4.3.2 Electrical Properties
Sheet resistance
Besides the transmittance behavior, the sheet resistance is another important parameter
of transparent electrodes. It is defined as the absolute resistance of a square shaped layer
which is obtained by contacting it at the full length of two opposite sides. In general, the
resistance R of such a geometry can be determined by using Pouillet’s law for resistors with
uniform cross-sections as follows:
𝑅 = 𝜌 𝑙
𝑤 · 𝑑
(4.2)
where 𝜌 is denoting the resistivity of the material and 𝑙, 𝑤, and 𝑑 are denoting the dimensions
length, width and thickness, respectively. According to the definition of the sheet resistance,







clearly revealing a thickness dependency.
Since the contact resistance can be neglected, commonly the four point probe (4PP)
technique (also known as Kelvin probing) is used to measure the sheet resistance of a layer.
These 4PP resistance measurements have been carried out under ambient conditions using
a resistivity stand S 302-4 (LucasLabs, Gilroy (CA), USA) and a Keithley 2400 Source
Measuring Unit (SMU) (Keithley Instruments, Cleveland (OH), USA). Thereby, a constant
current of 1 mA is applied at the two outer tips, while the dropping voltage is measured
between the two inner tips of a geometry of four aligned fine point contacts with a distance
of 1.588 mm between each tip. According to Schroder [308], the sheet resistance of infinite,
homogenous, and thin-films can be calculated from the applied current 𝐼 and measured







For our standard glass substrates (2.5 × 2.5 cm2), the geometry factor 𝜋/ ln 2 ≈ 4.532 needs
to be changed to approximately 4.4 [308].
Measurement of basic network parameters and network simulation
In order to directly measure the basic parameters resistance of a single nanowire and re-
sistance at the wire-to-wire junctions of AgNW networks, Kelvin-sensing is carried out
using a nanoprobing system dProber (DCG Systems Inc., Fremont (CA), USA). The nano-
manipulated measurement tips consist of tungsten having a diameter of ≈ 50 nm. The
corresponding current-voltage-data is obtained by using Keithley 2400 SMUs (Keithley In-
struments, Cleveland (OH), USA). Prior to the measurement, a junction or a single wire is
electrically isolated from the network by gently scratching away the surrounding connections
using the nano-manipulated tungsten tips.
For network simulation purposes, such as determining the sheet resistance of a silver
nanowire network from the basic parameters junction resistance, wire resistance, and wire
length, a corresponding ab-inito network simulation is used, which is originally programed by
Dr. Christoph Sachse (IAPP) and slightly modified in the course of this work. The routine is
divided into three parts: (1) generation of a randomly distributed network of lines on an area
of 100 × 100 𝜇m, (2) geometric calculation of intersections and assignment of corresponding
resistance values into a knot list, both steps using a self-programed routine in GNU Octave
(Open Source) and (3) the final evaluation of the knot list using the circuit simulation tool
Ngspice (Open Source). As input, the average nanowire length and corresponding standard
deviation according to the supplier’s data sheet (cf. Section 4.1.1 under silver nanowires
and auxiliary materials), the desired nanowire resistance 𝑅NW in Ω/𝜇m (resistance per
length) and junction resistance 𝑅J in Ω are used. The corresponding direct transmittance
is controlled via the number of nanowires according to the surface coverage with 90 nm thick
wires.
4.3.3 Morphological Properties
Atomic force microscope (AFM)
To investigate the morphology of a sample surface, an atomic force microscope (AFM)
Nanoscope IIIa (Veeco Digital Instruments Inc., Plainview (NY), USA) or a Combiscope
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1000 (AIST-NT Inc., Novato (CA), USA) is used in non-contact mode (tapping mode).
The measurements are carried out under ambient atmosphere, using NSC15 AFM tips
(MikroMasch, Sofia, Bulgaria) with a radius of 8 nm and a spring constant of 40 N/m.
Typically, various positions are investigated for one sample to ensure reliable results and
the software tool gwyddion is used for image analysis.
Scanning electron microscope (SEM)
The micro-structure and nano-arrangement of nanowires are investigated with scanning
electron microscopy (SEM). An electron beam is accelerated toward 1 . . . 10 keV and focused
on the sample such that it is elastically and inelastically scattered as well as it stimulates
Auger- and secondary electrons from the first monolayers of the sample surface. Due to
giving a better resolution, typically the detection of secondary electrons is used for image
acquisition. SEM measurements are carried out on grounded samples (using copper tape)
either with a Phenom table top SEM (FEI, Hillsboro (OR), USA) or a GSM 982 Gemini
SEM (Zeiss, Jena, Germany). In the latter case, measurements are assisted by Susanne
Goldberg (Department of Physical Chemistry, TU Dresden, Germany). In particular for
high resolution images as well as for measurements with a tilted sample, a thin gold film is
sputtered on the surface to minimize charging effects and sample drifts.
Profilometer
A profilometer Dektakt 150 (Veeco Digital Instruments Inc., Plainview (NY), USA) is used
to determine the height profile of a sample surface. With a constant force, a diamond tip
is pressed on the sample surface while a motor is moving the sample in a straight line. At
the same time, the vertical distance change of the tip is measured and can be correlated
with the height profile on the sample. In this thesis, the profilometer is used to measure the
thickness of a layer. By using a pair of tweezers (2a, Dumont, Montignez, Switzerland), a
step is scratched in the layer so that one can measure the height difference between substrate
and layer surface. Typically glass substrates are used for that purpose on which the layers
are deposited according to their common preparation type (cf. Section 4.2).
4.3.4 Energetical Properties
The surface-sensitive measurement technique photoemission spectroscopy (PES), also known
as photoelectron spectroscopy, enables a detailed analysis of the electronic structure in or-
ganic and inorganic materials since it utilizes the external photo-effect upon photo-excitation.
According to the photo energy used, this powerful technique is subdivided in (a) ultravio-
let/inverse photoelectron spectroscopy (UPS/IPES) for the measurement of valence levels
HOMO/LUMO as well as for the determination of the bonding character in molecular or-
bitals, (b) x-ray photoelectron spectroscopy (XPS) for the measurement of atomic core
electrons, and (c) extreme ultraviolet photoelectron spectroscopy (EUPS) for assessing the
valence band structure. At the IAPP, a combined system for UPS and XPS measurements
is directly connected to the evaporation system “UFO 1” and operates at a base pressure
of 10−10 mbar. The corresponding measurements are assisted by Max Tietze and Martin
Schwarze (IAPP, TU Dresden, Germany).
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Ultraviolet photoelectron spectroscopy (UPS)
The UPS system uses the He I-line (He I, 21.22 eV) of a helium discharge lamp UVS10/35
(Specs GmbH, Berlin, Germany) to release electrons from the sample’s first monolayers since
electrons exhibit a mean free path of only 1 . . . 2 nm in typical solids [309]. Additionally,
an acceleration voltage of −8 V is applied to draw the released electrons toward the ana-
lyzer Phoibos HSA 100 (Specs GmbH, Berlin, Germany) which detects the kinetic energy
distribution of these electrons. The kinetic energy is directly linked to the initial binding
energy in the investigated material and enables the determination of the density of occupied
valence states, such as the HOMO in organic thin-films or the work function in metals.
X-ray photoelectron spectroscopy (XPS)
Moreover, XPS is used to probe binding energies of core electrons, which enables a conclusion
about the characteristic elements and bonds as well as stoichiometric ratios of the materials
involved in the measured film. The XPS system uses the 𝐾𝛼 12 radiation of an aluminum
cathode soft X-ray source XR50 (Specs GmbH, Berlin, Germany) at an energy of 1486.6 eV.
4.3.5 Solar Cell Properties
At the IAPP, the current-voltage characteristics and the external quantum efficiency of
organic solar cells are measured with the help of robots, which will be called in the following
IV robot (for current-voltage characteristics) and EQE robot (for EQE measurements),
respectively. Both robots are able to automatically characterize a full Lesker wafer. As
previosly mentioned in Section 4.2.3, a Lesker wafer consists of 4×4 or 6×6 single substrates,
each with four identical solar cell pixels (cf. Figure 4.5 (a)). The individual pixels can be
approached by step motors. Prior to the IV or EQE measurement, the device is centered in
the incident light bundle by evaluating the x-y-position of maximum short-circuit current
density.
𝑗-𝑉 -characteristics
In the IV robot, solar cells are illuminated with a sun simulator 16S-003-300 (Solar Light
Company Inc., Glenside (PA), USA), whose spectrum is shown in Figure 4.7. Prior to the
data acquisition, the illumination intensity of the sun simulator is set to 100 mW/cm2 by
using a reference diode S1337-33BQ (Hamamatsu, Hamamatsu, Japan) which is calibrated
by the Fraunhofer Institute for Solar Energy Systems (ISE, Freiburg, Germany). Since the
organic solar cell generally exhibits a different spectral response than the reference diode,
the solar cell is exposed to an intensity which deviates from 100 mW/cm2. The actual inten-
sity can be calculated by means of the so-called spectral mismatch factor which is described
below. Solar cells with AgNW top-electrodes are illuminated inside a glovebox using a sun-
light simulator SoCo 1200 MHG (K.H. Steuernagel Lichttechnik GmbH, Mörfelden-Walldorf,
Germany) at an intensity of also 100 mW/cm2 (not corrected for spectral mismatch).
The current density-voltage characteristics (𝑗-𝑉 -curves) are measured by a SMU 2400
(Keithley Instruments, Cleveland (OH), USA) which is connected to a computer and con-
trolled by a corresponding software. Thereby, the current is measured by typically applying
voltages between −1.1 V to 1.3 V and a step width of 25 mV. To obtain the current density
𝑗 from the measured current 𝐼, the exact effective area of the respective solar cell device
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is needed. Since the effective area of a solar cell can be significantly larger or smaller than
the intersecting area between top- and bottom-electrode, a mask is used during measure-
ment. Its respective size is chosen comparably smaller than the nominal pixel area of about
6.5 mm2 The corresponding open-circuit voltage, fill factor and saturation are taken from
the unmasked measurement, since these parameters are not influenced by the use of a mask.
EQE spectra
The EQE robot is measuring the EQE spectra which can be used to determine the spec-
tral mismatch factor (cf. below). For that purpose, monochromatic light is generated by a
combination of a Oriel Xenon Arc-Lamp Apex-Illuminator and a Cornerstone 260 Monochro-
mator (both Newport, Irvine (CA), USA). By a so-called chopper wheel, the light bundle
is periodically modulated with a frequency of 215 Hz. Subsequently, the light is focused on
the solar cell device and the corresponding short-circuit current signal is measured with a
DSP Lock-In-Amplifier 7265 (Signal Recovery, Oak Ridge (TN), USA). This signal is the
actual spectral response 𝑆𝑅(𝜆) of the solar cell which is then converted into the EQE. All
EQE spectra are measured with mask (2.96 mm2) in the spectral range between 300 and
900 nm and a step width of 5 nm.
Mismatch factor
Several effects like cloud formation, irradiation angle and geographical latitude influence
the measured sun spectrum on the surface of the earth. Therefore, the already mentioned
AM1.5G spectrum (cf. Section 2.2.4) is used as reference although it does not consider all
atmospheric influences. In Figure 4.7, a comparison between this standard spectrum and the
sun simulator used in this work is shown. In particular in the NIR range between 800 and
950 nm, large deviations are visible. However, in the optical regime, where organic solar
cells predominantly absorb, slight differences are observable. Furthermore, the reference
intensity 𝐼ref is measured with a silicon diode from Hamamatsu (cf. above), whose spectral



























Figure 4.7: Spectral intensities of the used sun simulator and the standard AM1.5G.
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response generally differs from that of the investigated organic solar cell. To guarantee an
international comparability of the measured PCE of all kind of solar cells, a correction factor
is established which enables to compensate the deviations between the sun simulator and the
standard AM1.5G spectrum, by simply adjusting the sun intensity of the simulator. This
so-called mismatch factor 𝑀 can be calculated from the spectra of the simulator 𝐸sim(𝜆) and
AM1.5G 𝐸AM1.5G(𝜆), as well as from the spectral responses of the reference diode 𝑆𝑅ref(𝜆)
and of the investigated solar cell 𝑆𝑅SC(𝜆) under simulator sun and AM1.5G, respectively
𝑀 =
∫︀
𝑆𝑅SC(𝜆) · 𝐸sim(𝜆) 𝑑𝜆∫︀
𝑆𝑅SC(𝜆) · 𝐸AM1.5G(𝜆) 𝑑𝜆
·
∫︀
𝑆𝑅ref(𝜆) · 𝐸AM1.5G(𝜆) 𝑑𝜆∫︀
𝑆𝑅ref(𝜆) · 𝐸sim(𝜆) 𝑑𝜆
. (4.5)
Consequently, the intensity of the simulator sun can be adjusted as if the solar cell is exposed
to an intensity of 100 mW/cm2 under a sun of type AM1.5G. This effective intensity 𝐼eff can
be determined from the reference intensity 𝐼ref at the Hamamatsu silicon diode as follows:
𝐼eff = 𝑀 · 𝐼ref . (4.6)
For same solar cell stack architecture and different transparent electrodes, our experience
has shown that the mismatch factor is usually fluctuating only in the third digit after the
comma. This influences the mismatch corrected intensity 𝐼eff in no full digit. Therefore,
usually a fixed intensity is set at the sun simulator to measure the 𝑗-𝑉 curves of a whole
Lesker wafer such that all corresponding solar cells are exposed to a AM1.5G spectrum at
estimated (100 ± 1) mW/cm2. The given explanations and further descriptions about the





5 Matrix Assisted Low-temperatureFusing of Silver Nanowires
In this chapter, a new concept for fabricating highly conductive silver
nanowires at very low temperatures of less than 80 ∘C is introduced, enabling
facile processing on plastic substrates. By using non-conductive polymeric sub-
layers, the initially high sheet resistance of these silver nanowires is reduced
by two orders of magnitude. This way, lower values are achieved than for
commonly post-annealed networks where temperatures as high as 210 ∘C are
used. First, the state-of-the-art and basic background of sheet resistance reduc-
tion efforts in nanowire networks are introduced and explained in Section 5.1.
Next, the investigation of the fundamental process is described in Section 5.2.
In Section 5.3, the incorporation of this novel approach as transparent bottom-
electrode in small molecule organic solar cells is demonstrated. Finally, a short
summary of the matrix assisted low-temperature fusing of silver nanowire net-
works is given in Section 5.4. The main content of this chapter is published
in [200]. Some of the figures and text passages were restructured, revised, and
additional information was added.
5.1 Toward Annealing-free Silver Nanowire Networks
Technological progress in highly efficient organic light emitting diodes [311] and organic solar
cells [5] has generated considerable interest in low-cost, high performance, transparent elec-
trode technologies for flexible substrates, necessitating temperature-sensitive polymer webs
for R2R manufacturing. As previously discussed in Section 3.1.2, these technologies include
thin metal layers [10], carbon nanotubes [11, 12], graphene sheets [13], highly conductive
PEDOT:PSS [14, 15] or percolative networks made of metallic nanowires [16–18]. Among
those, silver nanowire based network electrodes show the best properties. In comparison to
ITO on glass, they exhibit an equal optoelectronic performance on flexible substrates, for
instance on PET substrate with 𝑅S = 13 Ω/sq and 𝑇550 = 93.5 % (without substrate) while
being stable more than 1000 bending cycles at a fixed radius of 1.5 mm [19].
The key difference to other electrode types is the percolative nature of the nanowire elec-
trode, with the basic network parameters defining the electrode properties (cf. Section 3.2).
Directly after the deposition of a nanowire layer, the sheet resistance 𝑅S is usually very
high [215]. The crucial parameters influencing the sheet resistance are the resistance of a
single nanowire 𝑅NW, the number of junctions per area, and the wire-to-wire junction resis-
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tance 𝑅J. The 𝑅NW is already fairly low for silver as nanowire material and material and the
number of junctions cannot be increased significantly without strong transmittance losses.
Therefore, the initially high 𝑅S can be mainly decreased by reducing the 𝑅J. Generally,
the stabilizing polymer shell causes high 𝑅J. It is made of polyvinylpyrrolidone (PVP) and
hinders a direct contact at the AgNW junctions [204]. Therefore, a reduction of the wire-
to-wire distance at the junction, an enlargement of the contact area, or a local removal of
the polymer shell causes large improvements of the 𝑅S of AgNW electrodes. The most fre-
quently applied method besides mechanical pressing [216], galvanic treatment [215], or light
treatment [217], is thermal annealing of the network. Here, the 𝑅J is decreased, yielding
high electrode performance. However, post-annealing is not a well suited process to reduce
𝑅J. Since the involved temperatures typically lie above 180 ∘C [16, 18], which can severely
damage common plastic substrates such as PET or polyethylene naphthalate (PEN).
Recently, Lee et al. reported on solvent washing of as-synthesized nanowires which
reduces the initial thickness of the insulating and wire-stabilizing PVP shell [204]. Another
complimentary method to reduce the sheet resistance is demonstrated by Choi et al. where
PEDOT:PSS, modified by dimethyl sulfoxide (DMSO), is coated on top of the nanowire
electrode. Thereby, a reduced 𝑅S is achieved due to adhesive forces induced by the lateral
shrinkage and substantial reduction in the thickness of the PEDOT:PSS layer on the NW
electrode [312].
Inspired by a paper from Magdassi et al. in 2010 [313], an alternative way to achieve low
temperature processed highly conductive AgNW electrodes is investigated. In this approach
the necessity of mixing complicated AgNW inks or having to coat the acidic and hydrophilic
PEDOT:PSS on the electrode (cf. Section 3.1.1 under low surface roughness) is avoided.
Magdassi et al. reported on sintering of silver nanoparticles (AgNPs) at room tem-
perature [313]. With the help of the polyelectrolyte PDAC (cf. Section 4.1.1 under silver
nanowires and auxiliary materials), they are able to force AgNPs to coalescence at typi-
cal ambient temperatures. This is possible due to an electrostatic interaction between the
negatively charged AgNPs (stabilized by the anionic polymer poly(acrylic acid) sodium salt
(PAA)) and the positively charged PDAC. Combining this technique with inkjet printing,
they were able to deposit patterned conductive metal films at room temperature.
Here, this method is applied to PVP-stabilized AgNW electrodes and the various ob-
served effects are investigated. The influence of different sublayers, composed of tensides,
polymers, and polyelectrolytes, on the performance of AgNW electrodes deposited on top of
these sublayers are studied. The resulting electrode films are investigated concerning their
sheet resistance, appearance of the junctions, transmittance, FoM, and are compared with
reference AgNW electrodes which are processed without any sublayer, or are compared to
ITO. In particular, a deeper understanding of the basic mechanism is reached through a
systematic comparison of different sublayer materials.
5.2 Sublayer Characterization and Investigation of the
Fundamental Process
In order to evaluate the ability of PDAC to act as a coalescence-inducing sublayer for
NWs, an AgNW electrode is deposited on a PDAC sublayer according to the sketch in
Figure 5.2 (a). As reference, glass substrates are coated with single layers of either PDAC
88
5.2 Sublayer Characterization and Investigation of the Fundamental Process
or AgNWs. The corresponding results are illustrated in Figure 5.1 and compared to ITO
on glass.
Figure 5.1 (a) depicts the wavelength dependent transmittance of a pure glass substrate
and glass substrates coated with AgNWs, AgNWs with a PDAC sublayer, ITO and PDAC.
The electrode performance of the respective thin-films is evaluated by measuring the 𝑅S val-
ues and the transmittance at 550 nm 𝑇550, as well as determining the FoM according to De et
al. [255] (cf. Section 3.2.2). These values are given for Glass/AgNWs, Glass/PDAC/AgNWs,
and Glass/ITO in the legend of the plot. For an appropriate comparison to ITO, the FoM
for bulk-like behavior is chosen, which is valid for high wire coverage only.
The 𝑇550 of the glass substrate is 92.6 %. Coated with a thin layer of PDAC, the sample
exhibits a comparable 𝑇550 of 91.9 % where most of the extra absorption of the PDAC layer
can be attributed to optical thin-film effects. Since both glass and PDAC are insulating, no
𝑅S is measured in these cases. The AgNW network shows a 𝑇550 of 82.7 % and a sheet resis-
tance of 1980 Ω/sq directly after deposition. Simultaneously, the same amount of AgNWs is
coated on a second glass substrate, pre-coated with PDAC. Although no post-annealing was
applied in both cases, the resulting electrode with the PDAC sublayer exhibits a remark-
ably low 𝑅S of 11.6 Ω/sq at a corresponding transmission 𝑇550 of 81.7 %. Consequently, the
combination of a thin PDAC sublayer with an AgNW network leads to a sheet resistance
reduction of two orders of magnitude (from 1980 Ω/sq to 11.6 Ω/sq) which is comparable to
the effect of annealing the NW film [16].
Compared to the lab standard ITO films (26 Ω/sq at 82.0 %), a lower 𝑅S of 11.6 Ω/sq is
achieved for the AgNWs by using this simple and low-energy method while the corresponding
𝑇550 values differ by 0.3 % only. For a more appropriate comparison, the FoMs of AgNWs,
PDAC/AgNWs, and ITO are calculated by using the mean total transmittance in the visi-
ble spectral range 𝑇VIS (390-790 nm) and the corresponding 𝑅S. Resulting bulk-model FoM
values of 1.6 (AgNWs), 253 (PDAC/AgNWs) and 130 (ITO) are obtained, confirming the
outstanding performance of the novel AgNW electrode comprising a PDAC sublayer. In-
cluding the fact that this TCE is produced at considerably lower temperatures of ≤ 80 ∘C
than ITO, this result is even more promising.
The reason for the strongly decreased 𝑅S of the PDAC/AgNW electrode, comparable to a
post-annealed system, can nicely be observed in the SEM images depicted in Figure 5.1 (b).
In an AgNW network without PDAC, the nanowires lie inflexibly on top of each other
(cf. Figure 5.1 (b) (1) and (2)). Therefore, the contact area between two nanowires is small
and the corresponding junction resistance is high which results in the large 𝑅S value of
1980 Ω/sq. This is probably further impaired by the stabilizing polymer shell around the
nanowire. In direct comparison, nanowires with PDAC as sublayer coalesce and seem to
merge at their junctions (cf. Figure 5.1 (b) (3)). The contact area in between is enhanced
and probably the PVP shell is also thinner. Consequently, the junction resistance as well as
the sheet resistance of the corresponding electrode are drastically reduced from 1980 Ω/sq
to 11.6 Ω/sq. However, not all junctions of the entire network on PDAC seem to coalesce.
As can be seen in Figure 5.1 (b) (4), most of the nanowires are just bent over each other
at the junctions, indicating some structural weakening and a higher interaction with the
underlying surface. In the following, this effect is denoted as “Spaghetti effect”. It is also
visible by using other sublayer materials (cf. Figure 5.2) which are investigated below and
reduce the sheet resistance in the same order than PDAC.
The observations in connection with AgNWs are at least partially different than those
in the work of Magdassi et al. about silver nanoparticles. While in the latter case strong
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Figure 5.1: (a) Wavelength dependent transmittance of glass substrates with the differ-
ent coatings. Additionally, the corresponding values of sheet resistance 𝑅S, total trans-
mittance at 550 nm, and figure of merit (FoM) are given. (b) SEM images of selected
AgNW junctions on glass in comparison to AgNWs with a PDAC sublayer, showing a
different behavior at the junctions. Reprinted from [200] with permission from Elsevier.
particle coalescence can be observed, only sporadic coalescence and frequent wire softening
(Spaghetti effect) can be seen for AgNWs. Apparently, the mechanism and effect of the
polyelectrolyte are at least partially different or less pronounced than for the sintering of
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Figure 5.2: (a) Sample preparation of the AgNW electrode without sublayer and AgNW
electrodes with tensides (T), polymers (Poly) or polyelectrolytes (PE) as sublayer. (b)
Tilted SEM picture of a typical AgNW electrode on glass directly after spray-coating of the
wires (without post-processing). (c) Tilted SEM pictures of the AgNW electrodes (with
sublayer) as depicted in Figure 5.3. Reprinted from [200] with permission from Elsevier.
AgNPs.
Comparing the observations for AgNWs with the work of Magdassi et al., the mecha-
nism and effect of the polyelectrolyte are at least partially different or less pronounced. In
detail, Magdassi et al. observed strong particle coalescence whereas for the used AgNWs
sporadic coalescence and frequent wire softening (Spaghetti effect) can be seen. In case
of the nanoparticles from Magdassi et al., charge interactions between polyelectrolyte and
Ag nanoparticles were assumed to be responsible for the sintering effect. In contrast to the
nanowires, the relevant Zeta-potential 𝜁P of the AgNW dispersion used herein, is determined
to be approximately -3 mV. This is negligible compared to -47 mV for the nanoparticles used
by Magdassi.
In order to further investigate these different observations and to get a deeper view
inside the reason for the beneficial wire junction geometry, a monolayer of PDAC was
coated as sublayer below an AgNW electrode, resulting in no remarkable reduction of the
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corresponding sheet resistance. As this single monolayer is apparently not effective, it
is rather evident that simple charge interaction does not play the dominant role in the
reduction of sheet resistance for the silver nanowires used.
To study which material properties are responsible for the structural softening and par-
tial coalescence effect, a wide range of materials with contrasting charge levels, polarities
and different hydrophobicity are selected and deposited as sublayer below AgNW networks.
Subsequently, the resulting properties of the entire electrode sublayer/AgNWs are investi-
gated. The used substances are carefully chosen, including tensides, polymers, and polyelec-
trolytes, each class containing materials with different polarities. Tensides are well-known
to alter the properties of a surface and are therefore suitable for enhancing the interaction
between the substrate and the AgNWs. Here, sodium dodecyl sulfate (SDS) and Hex-
adecyltrimethylammonium bromide (HDAB) are investigated. As polymer sublayers, two
poly(ethylene glycol) methyl ethers (PGE) with different molar weights (either PGE550 or
PGE750), poly(vinyl alcohol) (PVA), and PVP are selected. For the latter material, also
different molar weights (PVP10k and PVP55k) are used. Aside from PDAC, also further
polyelectrolytes, such as poly(vinylsulfonic acid, sodium salt) (PVS), poly(sodium styrene
sulfonate) (PSS), and poly(allylamine hydrochloride) (PAH) are investigated. More detailed
information about the used sublayer materials can be found in Section 4.1.1 under silver
nanowires and auxiliary materials.
In Figure 5.3 the 𝑅S and 𝑇550 values of AgNW electrodes prepared on the different
sublayer materials are shown. They are equally prepared as the ones depicted in Figure 5.1
(cf. also Figure 5.2 (a)), The ionic charge of the sublayer materials is indicated by the value
within the circle next to their short names: (+) positive, (-) negative, and ( ) neutral. The
electrode properties on the different sublayers are compared to three reference electrodes (R1
to R3) prepared without any organic sublayer. These references are annealed at 210 ∘C for
90 min subsequent to the spraying revealing the well-known behavior upon annealing. Due
to annealing, the corresponding initial 𝑅S values are reduced by approximately three orders
of magnitude resulting in 13.7 Ω/sq at 80.9 % on average. The corresponding average value
is represented by the dashed horizontal line. Comparing these values with those employing
sublayer materials directly after the deposition of the AgNWs, many of the electrodes with
sublayer show an equal or lower sheet resistance than the three references. Moreover, the
𝑇550 is only reduced by about 1 % due to the additionally introduced organic material. From
these results, the strong effect of the organic sublayer can be inferred. By introducing a
working sublayer, the annealing step can be completely replaced and additionally an even
better electrode performance is obtained.
To exclude swelling, shrinking, or wetting effects of residual water originating from the
aqueous solution of the sublayer materials, an identical full set of samples is prepared with
an additional annealing step (at 120 ∘C for 15 min) directly after coating of the sublayer.
Comparing the corresponding data with the data of the non-annealed samples in Figure 5.3,
no remarkable difference of the 𝑅S values is observed. As a matter of fact, all values are
somewhat higher, as the amount of AgNWs deposited in the second batch was slightly
lower than in the first, which can be easily recognized by the higher transmittance of all
post-annealed TCEs. Altogether, the influence of residual water can be neglected.
Considering the individual performance, nearly all investigated sublayer materials cause
a strong decrease in sheet resistance of the electrode with the exception of the PEG deriva-
tives. In detail, the use of HDAB results in an electrode with 46.9 Ω/sq, SDS shows
34.4 Ω/sq, PDAC leads to a slightly higher 𝑅S of 17.8 Ω/sq, PSS and PVS show similar
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Figure 5.3: Values of sheet resistance (squares) and total transmittance at 550 nm
(pluses) for different materials of different classes (tensides, polymers, polyelectrolytes) as
sublayer for AgNW networks on glass in comparison to three reference AgNW electrodes
before (triangles) and after (circles) the typical post-annealing at 210∘ C for 90 min.
Furthermore, corresponding unfilled/red symbols mark a second set of samples prepared
with an additional annealing step between sublayer and AgNW deposition to get rid of
residual water in the thin-films prepared from aqueous solutions. The sign in the circle
near the material name indicates the ionic charge of the corresponding material (no sign
means neutrally charged). Reprinted from [200] with permission from Elsevier.
𝑅S of 13.8 Ω/sq and 14.9 Ω/sq, while PVP10k has a very low 𝑅S value of 11.9 Ω/sq, when
compared to the mean 𝑅S of the annealed references (13.7 Ω/sq). The decreasing 𝑅S can
be explained by an adsorption of the PVP shell of AgNWs to the sublayer molecules. This
is a result of the solvent-mediated interaction between the hydrocarbon chains of shell and
surface as well as van der Waals forces in general [314–316]. The higher the affinity of a
certain sublayer material to PVP (the NW shell material), the stronger the interaction of
NWs with the sublayer. A higher adhesion of NWs to the sublayer results in stronger capil-
lary effects, stronger coupling, and in the end stronger joining forces between the wires and
the surface.
This effect is promoted by hydrophobic interaction, as illustrated in Figure 5.4. PVP, and
most of the sublayers employed, consist of hydrophilic and hydrophobic parts or backbones
[317]. By reducing the boundary surface between the solvent and the NW/substrate/organic
material system, the overall energy of the NW/substrate system is minimized. This leads to
a force pulling the wires and the surface together, creating a macroparticle-assembly with
the hydrophobic parts of the molecule on the inside and the more hydrophilic on the outside.
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Figure 5.4: Illustration of hydrophobic interaction between nanowire shell and various
sublayer materials.
The result can be seen in the tilted SEM images depicted in Figure 5.2 (c) and Figure 5.6. In
general, a rather strong effect is observed for most sublayer materials with hydrophilic and
hydrophobic backbones, suggesting the mechanism depends weakly on charge and polarity.
Instead it depends strongly on the effect of mutual wettability and solubility of wire shell and
surface. In contrast, the non-ionic surfactant PGE consists of a hydrophilic backbone only,
which cannot be oriented to and cannot interact with the PVP shell of the NWs [318,319].
As a result, no apparent fusion or softening of NWs on PEG sublayers are visible in the
SEM pictures in Figure 5.2 (c) which is in agreement with the relatively high sheet resis-
tance of corresponding films. The assumption that sublayer materials with only hydrophilic
backbones do not strongly reduce the sheet resistance is supported by investigations on
various Brij derivatives (cf. Section 4.1.1 under silver nanowires and auxiliary materials).
As shown in Figure 5.5, the initial sheet resistance is not reduced if the Brij derivatives are
coated below AgNW networks, as they also exhibit only hydrophilic backbones. In contrast,
standard post-annealing at 210 ∘C for 90 min reduces the sheet resistance of AgNWs without
sublayer. As can be seen in the same diagram, the annealed references R1 to R4 show a
sheet resistance in the expected order.
Since the hydrophobic interaction is relatively weak, a large contact area between sub-
layer and the nanowire shell is needed to enable a strong coupling. Therefore, PVP is
investigated in a thickness dependent set as depicted in Figure 5.6. For that purpose, the
as-purchased PVP powder is dissolved in deionized water and concentrations between 0.1
and 5 wt.% are prepared. By keeping the spin speed constant, the resulting PVP layers in-
crease in thickness. To ensure an equal AgNW coverage of all samples, including a reference
without sublayer, they are coated in parallel at the same time. After the sample prepara-
tion, the obtained 𝑅S and 𝑇550 are measured, the FoM is calculated, and the thickness of
the sublayer is determined. The corresponding values are depicted in Figure 5.6 (a).
Considering the reference first, the initial sheet resistance is decreased by about one
order of magnitude exhibiting 22 Ω/sq after post-annealing. This value is represented by
the dashed line. The AgNW electrodes with PVP sublayer show a super-linear decrease in 𝑅S
with increasing PVP thickness up to 46 nm of PVP. Beyond 46 nm, the sheet resistance starts
to saturate and decreases only slightly, while the transmission drops further for additional
PVP. Therefore, at 46 nm an optimum of the AgNW electrode performance is achieved. The
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Figure 5.5: Sheet resistance and total transmittance at 550 nm of spray-coated silver
nanowire (AgNW) electrodes with different Brij derivatives as sublayer materials and
four reference R1 to R4 without sublayer.
FoM increases up to 46 nm, showing the highest value of 222 at this thickness, and saturates
beyond 46 nm. All in all, the investigation of the PVP sublayer thickness variation shows
a clear reduction of the sheet resistance with increasing PVP thickness, supporting the
involvement of hydrophobic interactions. Interestingly a PVP thickness of only one sixth of
the nanowire diameter is enough to obtain a lower 𝑅S than for annealed AgNW electrodes
without sublayer. At one third of the nanowire diameter the 𝑅S saturation is reached. These
observations demonstrate that thicker films than just thin surface layers (or monolayers) are
required, as would be probably sufficient for purely charge based interaction. On the other
hand, a full immersion with the corresponding sublayer material is also not necessary.
The influence of thicker hydrophobic sublayers can be seen in Figure 5.6 (b). Here, SEM
measurements of AgNW electrodes with 8 and 84 nm PVP are compared. One can clearly
identify much more PVP between the wires and the substrate of the sample with 84 nm
which distinctly suggests a capillary interaction between wire and substrate. In constrast,
only very little PVP is attached to the AgNWs in the 8 nm case. Since PVP forms capillary
shoulders in both SEM pictures between substrate and wires, one can assume that PVP is
partially redissolved during electrode spray-deposition (from ethanol dispersion) improving
the capillary interaction. The redissolving behavior is supported by investigations that were
carried out at AgNWs, where PDAC is spin-coated on top of the NWs. Although this
non-conductive polyelectrolyte is directly deposited on the wires, again a sheet resistance
reduction from 1848 Ω/sq to 22.5 Ω/sq is observed. It lies in the same range as for the other
case of spin-coating below AgNWs where a reduction from 1980 Ω/sq to 11.6 Ω/sq could be
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observed.
A comparable investigation as described for PVP (cf. Figure 5.6) is also carried out on
AgNWs with PDAC spin-coated onto the NWs. This study leads to very similar behavior
as can be seen in Figure 5.7. Similarly, a thickness variation is prepared by dissolving the







Figure 5.6: (a) Sheet resistance, total transmittance at 550 nm and FoM of spray-coated
silver nanowire (AgNW) electrodes with increasing thickness of the Polyvinylpyrrolidone
(PVP) sublayer in comparison to a reference electrode (Ref.) without sublayer. (b) Tilted
SEM pictures of corresponding samples from (a) with 8 and 84 nm thick PVP sublayers.
Note the higher amount of PVP between the wires and the substrate in the right SEM
picture. Reprinted from [200] with permission from Elsevier.
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Figure 5.7: Sheet resistance, total transmittance at 550 nm, and FoM of spray-coated
silver nanowire (AgNW) electrodes with PDAC sublayers spin-coated at constant spin
parameters (3000rpm, 30s) and at different concentrations of the PDAC in the corre-
sponding aqueous solution. Reprinted from [200] with permission from Elsevier.
coated at constant speed to obtain PDAC layers with increasing thickness. Subsequently,
the samples are characterized by measuring 𝑅S and 𝑇550 and calculating the FoM whereas no
thickness measurement was carried out. The initial 𝑅S of the reference is again decreased by
about one order of magnitude exhibiting 19 Ω/sq (indicated by dashed horizontal line) after
post-annealing. The AgNW networks with PDAC sublayer show a super-linear decrease in
𝑅S with increasing PDAC concentration up to 2.0 wt.%. Although the 𝑅S seems to satu-
rate at this concentration, higher PDAC concentrations yield 𝑅S above 10 kΩ/sq while the
transmission drops further. Consequently, at 2.0 wt.% an optimum of the AgNW/PDAC
electrode performance is achieved. For higher concentrations the AgNWs seem to be fully
covered with non-conductive PDAC, and therefore isolated from the probes of the used mea-
surement system. The same behavior is visible in the FoM data where the FoM increases up
to 2.0 wt.% showing a maximum value of about 120. Due to exhibiting very high 𝑅S beyond
2.0 wt.%, no FoM was calculated in this case. Altogether, this investigation again shows
a clear reduction of 𝑅S with increasing layer thickness, maintaining the already suggested
hydrophobic interactions as driving force for the 𝑅S reduction.
In conclusion, a complex mechanism depending on hydrophobic interaction, capillary ad-
hesion, mutual attraction of shell and surface, as well as a partial solvation of the sublayer
into the ethanolic dispersion of the nanowires can be assumed from the sublayer material
properties and the thickness dependent results. This process explains the strong reduction
of sheet resistance upon deposition of the nanowires onto the investigated organic sublayers.
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The initially supposed effect of shell destabilization and wire fusion induced by electrostatic
interaction of oppositely charged polymers could not be verified, as the effect is observed
regardless of charge. However, in the SEM images different kinds of junctions can be seen,
e.g. stacked wire junctions (cf. Figure 5.1 (b) (1) and (2)), fused-like junctions (cf. Fig-
ure 5.1 (b) (3) and (4)), or spaghetti-like junctions (cf. Figure 5.1 (b) (4), Figure 5.2 (c), or
Figure 5.6 (b)). Whether these can be attributed to different effects, can be engineered, or
are just a statistical phenomenon cannot be decided by the used methods and might remain
subject to further investigation.
5.3 Application to Organic Solar Cells
Finally, the novel electrode is investigated regarding its implementation in organic solar
cells. As depicted in Figure 4.6, batches of n-i-p type devices with a DCV2-5T-Me:C60 (2:1,
40 nm, 90 ∘C) bulk heterojunction as photoactive layer are simultaneously deposited onto the
prepared electrodes. The electrodes are processed by spin-coating of the sublayer on glass,
followed by spray-deposition of a structured AgNW electrode. In the next step, a planariza-
tion layer comprising PEDOT:PSS is directly spin-coated on top of the sublayer/AgNW
system. Subsequently, a thick p-doped hole transport layer of 150 nm is evaporated for
additional planarization. Due to exhibiting high electrode performance, PVP and PDAC
are investigated as sublayer materials for the AgNW networks in the cells. According to
the corresponding results in Section 5.2, spin-coating of 1 wt.% PDAC and 3 wt.% (46 nm)
PVP in aqueous solution lead to the best electrode performance (highest FoM).
In Figure 5.8 the 𝑗-𝑉 -characteristics of solar cells, with either PDAC or PVP as elec-
trode sublayer, are compared to devices comprising an AgNW electrode without sublayer
but with a post-annealed nanowire network and to ITO on glass. Additionally, the charac-
teristic parameters of all solar cells as well as the 𝑇VIS, the 𝑅S and the resulting FoM of the
corresponding electrodes are given in the table below the 𝑗-𝑉 -characteristics in Figure 5.8.
Among all prepared devices, the ITO-based solar cell shows the highest PCE (5.72 %).
The AgNW-based OSCs show lower PCE values of 4.01 % (sublayer=PDAC), 3.11 % (with-
out sublayer) and 1.26 % (sublayer=PVP). This trend is also visible by comparing the char-
acteristic parameters of the devices. The open-circuit voltage 𝑉OC, the short circuit density
𝑗SC and the fill factor 𝐹𝐹 show the highest values for the ITO and the lowest value for the
PVP solar cell. It is accompanied by a contrary behavior of the saturation 𝑆𝑎𝑡. In detail,
the ITO solar cell shows the lowest and the device with AgNWs on PVP shows the highest
saturation. Regarding only the electrode performance (FoM), the highest PCE is expected
for the PVP device (𝐹𝑜𝑀 = 240) followed by the PDAC (𝐹𝑜𝑀 = 195), ITO (𝐹𝑜𝑀 = 130)
and the AgNW (𝐹𝑜𝑀 = 98) only solar cell. This deviation can be explained by a thorough
analysis of the curves and characteristic parameters.
The lower 𝑉OC of the NW cells probably originates from the high surface roughness of
the AgNW-90 network with up to 300 nm height differences and RMS roughness values of 30
to 50 nm, causing leakage or recombination currents [227]. Corresponding experiments with
comparably prepared solar cells and thinner nanowire diameter support this assumption.
As shown in Figure 5.9, devices comprising AgNW-35 exhibit higher 𝑉OC than those where
AgNW-90 are used in the bottom-electrode. In particular, the use of an additional PDAC
sublayer improves the 𝑉OC of cells with AgNW-90 without sublayers However, for AgNW-
35 no further increase in 𝑉OC is achieved compared to AgNW-35 without sublayer. This
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Sublayer 𝑗sc 𝑉oc 𝐹𝐹 𝜂 𝑆𝑎𝑡 𝑅S 𝑇VIS 𝐹𝑜𝑀
[ mA/cm2] [ V] [ %] [ %] [ 1] [ Ω/sq] [ %] [ 1]
ITO 9.34 0.95 64.8 5.72 1.04 26.0 82.5 130
AgNW 7.53 0.82 50.4 3.11 1.20 27.7 81.4 98
PVP 3.87 0.78 42.0 1.26 1.53 10.8 79.9 240
PDAC 8.77 0.87 52.6 4.01 1.11 12.8 79.5 195
Figure 5.8: Current-voltage-characteristics and characteristic parameters of dark and
illuminated organic n-i-p type solar cells with DCV2-5T-Me:C60 (2:1, 40 nm, 90∘ C) bulk
heterojunctions as photoactive layer and with ITO (black squares), AgNWs (blue circles),
PVP/AgNWs (green upright triangles), and PDAC/AgNWs (red upside-down triangles)
as transparent conducting bottom-electrodes on glass. The unfilled symbols represent the
corresponding dark curves. Reprinted from [200] with permission from Elsevier.
supports the argument that a nanowire electrode consisting AgNW-90 exhibits a comparably
rough surface which can be detrimental for high 𝑉OC values of corresponding solar cells. This
conclusion is also reflected by a higher saturation of solar cells comprising AgNW-90. Both
types, with and without sublayer, show high leakage currents under reverse bias. In contrast,
devices with AgNW-35 exhibit distinctly lower saturation.
Analyzing the 𝑗SC of the devices in Figure 5.8, lower values are revealed in the nanowire
solar cell than in the ITO device. On the one hand, this difference is most likely due to
the inhomogeneous surface coverage of the NW electrode. In between the wires of the
used AgNW-90 network, free mesh openings in the micrometer range are present. As lowly
conductive PEDOT:PSS is used for planarization, the corresponding local conductivity is
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Figure 5.9: Current-voltage-characteristics of comparably prepared organic n-i-p type
solar cells like in Figure 5.8 with bottom-electrodes comprising AgNW-35 (35 nm in diam-
eter) or AgNW-90 (90 nm in diameter), in each case with or without PDAC as sublayer
material.
too low to efficiently extract the generated charges from the entire area. This might lead
to regions where not all charge carriers can be extracted. As a result, lower 𝑗SC and 𝐹𝐹
values are observed as recently published by our group [97]. This effect has an influence
on the 𝑉OC as well but is not visible in the continuously conductive thin-films of the ITO
substrates. On the other hand, the lower 𝑗SC of the NW solar cells can originate from
the high roughness of AgNW-90. Due to a different growth behavior of organic layers
on substrates with varying roughness, a different BHJ morphology with deviating phase
separation between donor and acceptor can be formed. Since a defined morphology in
donor-acceptor heterojunctions of organic solar cells is ultimately important for high 𝑗SC
and consequently also high PCEs, this could also explain the lower 𝑗SC of the NW cells in
comparison to that of the ITO device [8, 320–322]. In Figure 5.9, the same 𝑗SC behavior
is observed. High roughness bottom-electrode solar cells show lower short-circuit current
density than for low roughness devices. In detail, a clear trend in 𝑗SC is visible: The solar
cell with AgNW-90 without sublayer shows the lowest value, followed by AgNW-90 with
sublayer, and AgNW-35 without sublayer. The AgNW-90 device with PDAC as sublayer
exhibits the highest 𝑗SC value.
Finally, the PCE loss of the different sublayers can be well-explained from process obser-
vations. The cells with a 46 nm PVP sublayer (3.0 wt.% PVP in aqueous solution) exhibit-
ing the lowest 𝑗SC showed some PVP agglomerates in the SEM images on the surface after
AgNW deposition (cf. Figure 5.10). It looks like larger patches of PVP partially cover and
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Figure 5.10: SEM measurement on AgNWs with a 46 nm PVP sublayer (3.0 wt.% PVP
in aqueous solution). At some sample positions, PVP agglomerates in the micrometer
range as well as PVP patches covering the nanowires are observed.
passivate the wires. Obviously, this can easily hinder charge carriers to be extracted toward
the electrode. A lower concentration or higher spin speed could possibly improve the 𝑗SC
in this special case, which is has not been investigated further. For the cells with PDAC
sublayer an insulating coverage of the NWs is not suspected, since the 𝑗SC is comparable to
that of ITO. Comparing the AgNWs/PDAC cell to the AgNW cell without sublayer, the
lower 𝑗SC of the AgNW only device is mainly due to its lower FoM. As discussed above, the
lower performance when compared to ITO is most likely due to roughness and inhomoge-
neous network coverage. The trend of the PCEs of the described solar cells on glass is nicely
reproduced by devices fabricated on polyethylene terephthalate (PET) sheets coated with
a moisture barrier (cf. Section 4.1.1 under moisture barrier substrate), as explained above.
Their measured 𝑗-𝑉 -characteristics are depicted in Figure 5.11. Similarly to Figure 5.8, the
ITO-based solar cell on glass shows the highest PCE (5.72 %) among all prepared devices.
In contrast, the AgNW-based OSCs on flexible moisture barrier substrate show lower PCE
values of 2.77 % (sublayer=PDAC), 1.72 % (without sublayer) and 1.67 % (sublayer=PVP).
Although this trend is in good accordance with the characteristic parameters of all devices
(including the cell on ITO), regarding only the electrode performance (FoM), the highest
PCE is expected for the PVP device (𝐹𝑜𝑀 = 173) followed by the PDAC (𝐹𝑜𝑀 = 143),
ITO (𝐹𝑜𝑀 = 130) and the AgNW (𝐹𝑜𝑀 = 137) only solar cell. These observations are
explained above. The high roughness of AgNW-90 mainly decreases the 𝑉OC due inducing
shorts in the device. Furthermore, the 𝑗SC is increased as well, due to a changed BHJ mor-
phology and due to a worse charge collection of non-continuous NW networks. In addition,
higher saturation and therefore high leakage under reverse bias is visible for AgNW devices
on the flexible moisture barrier substrate. Since the barrier substrates are very thin with
only 50 𝜇m, this is presumably due to a challenging handling and furthermore due to arising
edge effects during the structuring process.
Summarizing the solar cell investigations, the first and successful implementation of this
novel AgNW electrode in organic small molecule-based solar cells is demonstrated, leading
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Sublayer 𝑗sc 𝑉oc 𝐹𝐹 𝜂 𝑆𝑎𝑡 𝑅S 𝑇VIS 𝐹𝑜𝑀
[ mA/cm2] [ V] [ %] [ %] [ 1] [ Ω/sq] [ %] [ 1]
ITO 9.34 0.95 64.8 5.72 1.04 26.0 82.5 130
AgNW 5.88 0.80 36.7 1.72 1.79 18.8 79.9 137
PVP 5.19 0.86 37.3 1.67 1.41 13.7 78.9 173
PDAC 7.51 0.84 44.0 2.77 1.31 16.4 78.7 143
Figure 5.11: Current-voltage-characteristics and characteristic parameters of dark and
illuminated organic ni-p type solar cells with DCV2-5T-Me:C60 (2:1, 40 nm, 90∘ C) bulk
heterojunctions as photoactive layer and with ITO on glass (black squares) or AgNWs
(blue circles), PVP/AgNWs (green upright triangles) and PDAC/AgNWs (red upside-
down triangles) on flexible moisture barrier substrate (cf. Section 4.1.1 under moisture
barrier substrate) as transparent conducting bottom-electrodes. The unfilled symbols rep-
resent the corresponding dark curves. Reprinted from [200] with permission from Else-
vier.
to a PCE of 4 % (sublayer=PDAC) being higher than in devices with reference AgNW
electrodes (without sublayer). This emphasizes the potential of utilizing non-conductive
organic sublayer materials for highly conductive nanowire-type transparent electrodes and
confirms the investigated electrode as suitable for the integration in low-temperature R2R




Using the interactions between the stabilizing polymer shell around the nanowires and the
substrate or an organic matrix sublayer, a simple, low temperature method (≤ 80 ∘C) to
fabricate highly conducting AgNW electrodes could be achieved. Different non-conductive
organic matrix materials with very different properties have been investigated as sublayer
below spray-coated silver nanowire networks. The reduction in sheet resistance is compared
to references without sublayer for different sublayer materials and thickness, plus the re-
sulting optoelectronic properties (𝑅S, 𝑇550 and FoM) are measured. From these datasets,
and with the help of scanning electron microscopy, the basic mechanism of the sheet resis-
tance reduction is deduced. In the presence of ethanol from the spray-coated dispersion,
sublayer materials with hydrophobic and hydrophilic groups are able to interact with the
nanowire and the substrate surface to create mutual attraction based on capillary forces and
hydrophobic interaction. Therefore, the contact area between two wires is enhanced, the
junction resistance reduced, and consequently the sheet resistance of the entire AgNW net-
work as well. From SEM inspection of the wire junctions, two slightly different observations
can be made. At the junctions, the rigid, stacked rods of the as deposited wires are changed
by the interaction with the organic matrix. A part of them is softened (“Spaghetti effect”),
creating conformally overlapping wires at the junctions. Another part seems to fuse with
the adjacent nanowire at the junctions. By using PVP as sublayer, the largest sheet resis-
tance reduction of all investigated materials is obtained resulting in non-annealed AgNW
electrodes exhibiting 10.8 Ω/sq (at 80.4 %) being lower than the post-annealed references
(90 min at 210 ∘C) without sublayer. Finally, the novel electrode is able to enhance the
performance of OSC devices comprising annealed AgNWs and can compete with ITO-based
OSCs while the involved process temperatures are less than 80 ∘C.
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6 Silver Nanowire Networks asTransparent Top-electrodes
In this chapter, an inert silver nanowire dispersion enabling the direct spray-
coating on solvent-sensitive vacuum-processed small molecule organic opto-
electronic devices is introduced to achieve highly conductive, transparent top-
electrodes. Conventional silver nanowires are dispersed in common disper-
sion media like ethanol, other alcohols, or water, which are not compatible
to the sensitive small molecules. By modifying these high-quality nanowires
with a perfluorinated stabilizer, the wires can be dispersed in highly fluorinated
solvents, which do not damage non-fluorinated materials. Resulting spray-
coated networks lead to highly conductive transparent top-electrodes, prepared
at very low substrate temperatures of less than 30 ∘C. First, the required pro-
cess conditions and the state-of-the-art of nanowire top-electrode fabrication
are described in Section 6.1. In the following, the newly introduced nanowire
systems is investigated and optimized in Section 6.2. In Section 6.3, the imple-
mentation as transparent top-electrode to organic solar cells is demonstrated
and the corresponding performance is compared to solar cell devices utilizing
a thermally evaporated thin metal top-electrode. Finally, a short summary
about this novel approach for fabricating highly conductive, spray-coated sil-
ver nanowire top-electrodes is given in Section 6.4. The main content of this
chapter is published in [323] or in [324]. Some of the figures and text passages
were restructured, revised, and additional information was added.
6.1 Toward Silver Nanowire Top-electrodes
As previously mentioned, state-of-the-art silver nanowire networks are used as transparent
bottom-electrodes for organic optoelectronic devices (OEDs) based on small molecules or
polymers [16, 148]. A facile and scalable fabrication method for such electrodes is spray-
coating of nanowire dispersions [17]. The resulting networks exhibit low sheet resistance
and high transmittance and allow the fabrication of flexible devices with equal performances
compared to those comprising indium tin oxide (ITO) [19]. However, the common dispers-
ing media such as ethanol, other alcohols, or water are not compatible to the sensitive
OED stacks, limiting the nanowire technology to superstrate geometries only. Transferring
the superior optoelectronic properties of nanowire bottom-electrodes to a transparent top-
contact for OEDs would lead to more process flexibility and technological benefits. The
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expected light scattering from the nanowire network [220] could be used to enhance the
power conversion efficiency of an organic solar cell due to an enlarged light path through
the photoactive layer [221, 222] or enhance the efficiency and the color stability of organic
light emitting diodes over wider emission angles [223, 224]. Since the wires will be directly
sprayed onto the organic stack, no planarization layers, as necessary for bottom-electrodes
in small molecule devices [17], are needed. These arguments and the option to use opaque
substrates like metal foils, render the application of AgNWs as transparent top-contact for
OEDs very appealing.
A first successful approach was reported by Lee et al., who laminated an AgNW network
onto small molecule organic solar cells [228]. Recently, Krantz et al. [229], Reinhard et
al. [230], and Margulis et al. [231] published spray-coating of AgNWs onto polymer-based
OSCs or solid-state dye-sensitized solar cells. In all of the three approaches, PEDOT:PSS
was used as protection layer to prevent the organic materials from being redissolved or
damaged by the ethanol contained in the nanowire dispersion. Since lamination is not
easily scalable and the use of PEDOT:PSS or other solution-based protection layers is not
applicable to most small molecule stacks or is detrimental for device lifetimes, an alternative
scalable and non-harmful process is selected. In addition, acidic or water-based processes
and materials that are not compatible with the desired stabilities and lifetimes are striven
to be avoided.
Here, a method of producing a coating dispersion of AgNWs in an inert fluorinated sol-
vent is presented, which can be used for low-temperature coating of transparent nanowire
top-electrodes without dissolving or damaging the underlying organic layers. When de-
posited at only 30 ∘C substrate temperature, the spray-coated electrode exhibits a sheet
resistance of 10.0 Ω/sq at 87.4 % transparency (80.0 % with substrate).
In order to achieve the inert top-coating process, non-toxic and non-flammable hydroflu-
oroethers (HFEs) are used as inert solvents in the prepared nanowire dispersion. These
so-called orthogonal solvents are highly fluorinated and are used at the IAPP and other
institutes for photolithography [325–329]. Since these solvents only exhibit minor contri-
butions to polar and hydrogen bonding [330], they solve other fluorinated molecules, but
do not damage non-fluorinated materials. OLED stacks with organic semiconductors stay
operational even in boiling HFE [331].
An OSC with a transparent AgNW top-electrode is successfully prepared and exhibits
an efficiency of 1.23 %, similar to those using an evaporated thin metal electrode showing
1.10 % after comparable air exposure. In this conjunction, the possibility to enhance the
PCE by optimization of the spray-coating process is discussed.
6.2 Nanowire System and Optimization of the
Top-electrode
Hydrofluoroether fluids (HFE) are used for the experiments, as the deposition of AgNWs
from water or conventional organic solvents on most OEDs cause dissolution or rapid degra-
dation of the active organic layers. The high fluorination level of the HFEs hinders an easy
phase transfer of common AgNWs with high yield, quality, and aspect ratio from ethanol
into these solvents. This is due to the nanowire shell material polyvinylpyrrolidone (PVP),
originating from the polyol synthesis (cf. Section 3.2.3) and allowing stable dispersions in
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polar solvents only. For the transfer of hydrophilic AgNWs/PVP to the HFE phase, the
nanowire shell needs to have some fluorinated moieties extending to the solution. A high
fluorination of the NW shell can be realized by either replacing the shell via a ligand ex-
change or by using an additional highly fluorinated stabilizer mixing with and maintaining
the original shell [332].
Thiols are known as effective phase-transfer agents for noble metals [333–337]. For the
ligand-exchange strategy, a perfluorinated thiol is chosen and for the modification of the
PVP shell with the help of a stabilizer, a perfluorinated methacrylate polymer (EGC-2702,
cf. Section 4.1.1 under silver nanowires and auxiliary materials) is used. In both cases,
AgNWs are well redispersed in Methoxy-nonafluorbutan (HFE-7100, cf. Section 4.1.1 under
silver nanowires and auxiliary materials) after the modification. Due to the low boiling
point of HFE-7100, the resulting dispersions could be sprayed onto the substrates at only a
30 ∘C surface temperature, without inhomogeneous drying effects. SEM pictures of modified
AgNWs spray-coated on glass are shown in Figure 6.1 (b). It is clearly visible that the
usage of the EGC-2702 polymer keeps the wires long and flexible (cf. Figure 6.1 (b) right).
The aspect ratio (length vs. diameter) of the NWs stays high, comparable to the initial
wires (cf. Figure 6.1 (b) left). In contrast, thiol-modified NWs become shorter and stiffer
(cf. Figure 6.1 (b) middle). This is most likely due to the high excess of thiol needed for the
phase transfer and the strong bonding of the SH-group on the silver surface. Since lower
aspect ratios (length vs. diameter) decrease the percolation in the network, consequently,
the sheet resistance at equal transmittance is higher in electrodes with short wires. This is
shown in Figure 6.1 (a).
The optoelectronic performance of spray-coated AgNWs stabilized with EGC-2702 and
dispersed in HFE-7100 is compared to common AgNWs in ethanol and to the lab standard
ITO (26.0 Ω/sq at 82.0 % transparency including substrate) used in this work. Therefore,
the transmittance at 550 nm (𝑇550) over the sheet resistance is plotted, and fitted with bulk
and percolation models according to De et al. [255]. As already described in Section 3.2.2,
for percolative systems like AgNW networks, the FoM can be used for very high coverages
for which the films start to behave like bulk materials. For intermediate coverages, below
bulk behaviour, but above the percolation threshold, the system can be well described using
the percolative model, as it was nicely shown by De et al. [255] and becomes visible in
Figure 6.1. Considering the data in Figure 6.1, the corresponding FoM is calculated and
written next to the respective data. The dimensionless FoM enables a direct comparison
of the performance of the resulting electrodes in the low sheet resistance/high coverage
range [255].
The 𝑇550-𝑅S data of the novel system comprising HFE-7100 and EGC-2702 nicely repro-
duce the typical shape of a percolation-based transparent electrode [255]. Calculating the
corresponding FoM results in 202 being distinctly higher than that of ITO (𝐹𝑜𝑀 = 130)
in the low transparency regime. The thiol-modified AgNWs yield a worse performance, ex-
hibiting a high sheet resistance of 48.0 Ω/sq at 77.4 % transparency (70.0 % with substrate)
corresponding to a FoM of 22, probably due to a poor wire-to-wire contact or a change in
aspect ratio. As a consequence, a detailed investigation of the high-performance AgNW
electrodes achieved with EGC-2702 as a stabilizer is carried out.
In order to further improve the sheet resistance of the fluorinated NW system, the
influence of heating is investigated, since annealing of the NW mesh has proven benefi-
cial for other NW systems [16]. In case of AgNW top-electrodes deposited on OEDs, the
post-annealing temperatures are limited to around 100 ∘C due to the low glass transition
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Figure 6.1: (a) Total transmittance at 550 nm 𝑇550 over sheet resistance 𝑅S of spray-
coated AgNW electrodes. Common AgNWs in ethanol (blue upright triangles), non-
annealed (red circles) and annealed (light green squares) AgNWs in HFE-7100 stabilized
with EGC-2702 in comparison to AgNWs in HFE-7100 stabilized with a perfluorinated
thiol (dark green upside-down triangles), and the lab standard ITO (black diamond) used
in this work. Additionally, the values of the bulk-like figure of merit (FoM) is written
next to the corresponding data and the fit curves of the FoM (solid lines) and percolative
figure of merit (dashed lines) are depicted. (b) Corresponding SEM measurements of the
non-annealed AgNW electrodes shown in (a). Adapted from [323] with permission from
The Royal Society of Chemistry.
temperatures of organic materials [338]. Therefore, a temperature of 100 ∘C is applied un-
til the sheet resistance increases again. Hereby, a slight improvement in performance of
the EGC/HFE system is achieved (cf. Figure 6.1 (a)), increasing the FoM/pFOM from
202/52 to 242/72. These numbers are lower compared to the more optimized PVP/AgNW
bottom-electrode, exhibiting 311/36 (non-annealed) and 540/145 (annealed at 210 ∘C for
90 min), which is deposited from ethanol. This is presumably caused by thicker shells of the
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EGC/HFE system, resulting in higher contact resistances at the wire-to-wire junctions. The
effect is most likely aggravated by different drying kinetics and interaction forces from dif-
ferent temperatures, surface energies, and materials resulting in higher sheet resistances. To
support polymer diffusion and rearrangement on the surface during the spray process, HFEs
with higher boiling points (𝑇boil) are investigated. Exchanging HFE-7100 (𝑇boil = 61 ∘C)
by HFE-7200 (𝑇boil = 76 ∘C) or HFE-7300 (𝑇boil = 98 ∘C) does not lead to a significant
improvement.
In further experiments, the improvement of the top-electrode performance is investigated
by decreasing the total amount of insulating EGC at the interfaces between wires and cell.
During the modification of the AgNW dispersion, the centrifuged wires are additionally
solvent washed with HFE-7100 prior to the redispersion. On the other hand, the deposited
electrodes are submerged in HFE-7100 to remove some ECG-2702 from the nanowires. The
additional washing step before redispersion enables the removal of some EGC-2702 from
the solution, but the deposition of the corresponding dispersion resulted in non-conductive




Figure 6.2: Investigation of the crucial role of the amount of EGC-2702. (a) XPS
measurements of the F1s and Ag3d peak of AgNWs networks on glass stabilized with
EGC-2702 and dispersed in HFE-7100. For both peaks electrodes with differently prepared
AgNW dispersion are investigated. One dispersion is solvent washed with HFE-7100 (blue
solid line) and the other one is non-washed (red dashed line) directly after modification
and centrifugation but prior to the redispersion. (b) SEM measurements of the same
samples with corresponding sheet resistance 𝑅S and transparency (including substrate).
Adapted from [323] with permission from The Royal Society of Chemistry.
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wires (low 𝑅S) are shown in Figure 6.2 (b). The non-washed wires exhibit a higher amount
of free polymer between them and the substrate whereas the solvent washing removes nearly
all of the polymer excess. Corresponding XPS investigations (cf. Figure 6.2 (a)) support this
observation. By measuring the F1s peak (EGC-2702) and Ag3d peak (AgNWs), a higher
fluorine to silver ratio is detected for the non-washed case when compared to the solvent
washed wires. In conclusion, a larger amount of polymer improves the sheet resistance. This
observation agrees well with the investigations described in Chapter 5. In said chapter, an
organic matrix is deposited below the AgNWs, attracting the nanowires to each other and
toward the substrate by capillary interactions between shell and sublayer. Therefore, the
wires strongly bend over each other at the junctions and consequently the initial sheet
resistance of the AgNW network is reduced by several orders of magnitude. Although no
sublayer of EGC-2702 is deposited, the same effect is apparently caused by the excess EGC-
2702, which is present on the spray-coated surface. The sheet resistance of the resulting
network is very low due to the interaction of polymer, wires and surface during the drying
process. As the polymer is obviously beneficial to the wire topography and junctions,
one expects a further improvement in the sheet resistance by removing the insulating EGC
polymer after deposition. For that purpose, the sample is submerged in pure HFE to remove
at least some amount of EGC-2702 after the deposition. Hereby, a decrease in wire-to-wire
distance would decrease the junction resistance and consequently also the sheet resistance of
the electrode. Although a pure EGC-2702 layer can be easily removed from glass with HFE,
EGC is still present on an AgNW electrode even after three days submerging in HFE at
80 ∘C. During that time, no significant sheet resistance reduction is measured. Changing the
temperature and duration, as well as the type of HFE, does also not lead to an improvement
in electrode performance.
Besides providing the high performance needed for a TCE, the dispersion consisting of
AgNWs, stabilized with EGC-2702, fulfills another crucial criterion. It is very stable, since
even after 4 weeks of ambient air exposure, spray-coating of the AgNW/EGC dispersion
leads to reproducible performances of the resulting electrodes.
6.3 Implementation to Small Molecule Organic Solar
Cells
After a successful optimization of the material and coating process, the novel inert nanowire
dispersion is deposited onto an organic small molecule-based solar cell. For that purpose,
a simple cell architecture, as depicted in Figure 6.3, is used to exclude any unwanted side-
effects. In detail, a p-i-n type architecture utilizing a ZnPc:C60 BHJ (30 nm, volume ratio
of 1:1) as the photoactive layer is used. The corresponding materials used for hole and
electron transport are described in Section 4.1.2. Experience has shown, that this structure is
reasonably air stable under short exposure times. This is highly required for the AgNW top-
electrode deposition as the spray-coating system used in this work operates under ambient
conditions. Still, the time of air exposure is kept as short as possible, which is 6 min. All
other processing steps are performed under inert conditions, such as inside a glovebox or
in UHV chambers. During spray-coating of the AgNW top-electrode, the same amount of
AgNWs is simultaneously deposited on a separate glass substrate. Measuring the resulting
stand-alone electrode film enables a simple, non-destructive way for estimating the sheet
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Figure 6.3: Solar cell stack as used for AgNW top-electrode. Directly on this typical
p-i-n type architecture with a ZnPc:C60 (30 nm, volume ratio of 1:1) BHJ as photo-active
layer, the novel AgNW dispersion (cf. Section 6.2) is spray-coated.
resistance and transmittance of the corresponding top-electrode on the device. This stand-
alone electrode exhibits a sheet resistance of 15.0 Ω/sq at 88.4 % transparency (81.0 % with
substrate) and a FoM of 192.
The 𝑗-𝑉 -characteristics of the best pixels of the obtained solar cell devices are depicted
in Figure 6.4. The initial performance of the as-prepared cell is very poor. Storing for 3 h
in the nitrogen atmosphere of a glovebox has no remarkable influence on the shape of the
𝑗-𝑉 -curve and the PCE of the device. The deposition of 50 nm n-doped electron transport
layer (n-ETL) onto the whole solar cell enables a significant increase of the PCE to 0.76 %.
This improvement is based on the increased short circuit current density 𝑗SC and on the
increased fill factor 𝐹𝐹 . However, the shape of the curve continues to be s-like. This kink
is strongly reduced by annealing for 30 min at 100 ∘C within a glovebox. Thereby, a gain in
the PCE by 62 % to 1.23 % is observed, again due to increasing values of the 𝑗SC and the
𝐹𝐹 .
A detailed discussion enables a deeper understanding of the observed 𝑗-𝑉 -behavior.
The open-circuit voltage 𝑉OC (0.50 V) of the as-prepared device is only slightly lower than
expected values for non-annealed ZnPc:C60 (1:1) BHJs (0.51 V) [339] indicating the elec-
trical integrity of the photoactive layer. Especially the short circuit current density 𝑗SC
(1.78 mA/cm2) and the fill factor (17.6 %) are very low, resulting in a poor PCE of the solar
cell (0.16 %). Additionally, the saturation factor 𝑆𝑎𝑡 (3.73) is high and the current slope
in forward direction is fairly low. Most likely, the non-air-stable n-dopant W2(hpp)4 of the
ETL is affected by oxygen and the electrical contact at the interface between nanowires and
cell is poor due to remaining EGC-2702. These effects might cause injection or extraction
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n-ETL evaporation
50 nm MH250:W2(hpp)4 in UHV
Inert annealing
30 min @ 100 °C in glovebox
Treatment 𝑗sc 𝑉oc 𝐹𝐹 𝜂 𝑆𝑎𝑡 𝐼ref
[ mA/cm2] [ V] [ %] [ %] [ 1] [ mW/cm2]
As-sprayed 1.78 0.50 17.6 0.16 3.73 100
3 h glovebox 2.02 0.49 18.7 0.18 3.41 101
n-ETL evaporation 5.79 0.49 27.0 0.76 1.44 100
Inert annealing 7.14 0.46 37.2 1.23 1.22 100
Figure 6.4: Current-voltage-characteristics and characteristic parameters of a dark and
illuminated organic p-i-n type solar cell with a ZnPc:C60 (1:1, 30 nm) bulk heterojunction
as shown in Figure 6.3. The device performance after successive treatments is plotted:
Directly after spray-coating of AgNWs (black squares), after 3 h storing in a glovebox
(green circles), after evaporation of 50 nm n-ETL (blue upside-down triangles) and after
inert annealing for 30 min at 100 ÂřC in a glovebox (red upright triangles). Adapted
from [323] with permission from The Royal Society of Chemistry.
112
6.3 Implementation to Small Molecule Organic Solar Cells
barriers at the interfaces between transport layers and contacts, which are known to cause
“s-kink” like 𝑗-𝑉 -behavior [340,341].
Storing of the nanowire cell (for three hours up to three days) in a nitrogen atmosphere to
remove remaining humidity has no significant influence on the device performance (cf. cor-
responding 𝑗-𝑉 -characteristics). Therefore, an additional highly n-doped ETL is deposited
directly onto the complete device. The resulting layer embeds the nanowires, improves the
contact to the film below, and introduces a fresh, non-oxidized n-doped layer to ensure a
good ohmic contact. Therefore, a strong improvement of the extraction barrier between the
AgNWs and the initial n-ETL is expected. However, the s-kink remains visible, whereas the
device performance increases remarkably. While the 𝑉OC remains constant at 0.49 V, the
𝑗SC increases to 5.79 mA/cm2 and the 𝐹𝐹 to 27.0 % resulting in a tripled PCE of 0.76 %. At
the same time, the 𝑆𝑎𝑡 decreases to 1.44 while the forward current strongly increases. This
indicates a higher charge selectivity and an increased conductivity of the n-doped transport
layer.
By applying a post-annealing step at 100 ∘C for 30 min under inert conditions inside a
glovebox, removal of residual water and oxygen as well as an interdiffusion of the materials
and n-dopants at the NW/ETL interface is expected. In addition, maybe a small thermal
reactivation of some passivated n-dopants occurs and improves the contact and cell. As a
result, the s-kink vanishes in the corresponding 𝑗-𝑉 -curve. Consequently, the PCE rises to
1.26 %, accompanied by an increased 𝑗SC (7.14 mA/cm2) and a higher 𝐹𝐹 (37.2 %). The
application of another post-annealing step at 100 ∘C for 30 min leads to a completely de-
stroyed device. This is most likely a result from a fully degraded BHJ from diffusion or
phase segregation, as visible in the step-by-step decreased 𝑉OC (0.50 . . . 0.46 V).
In order to validate the necessity of an additional n-ETL and the inert post-annealing
step as well as to investigate the influence of the inevitable air exposure of the NW device, an
equally prepared solar cell with longer air exposure time of 36 min is investigated. The cor-
responding 𝑗-𝑉 -curves and changes in the characteristics upon post-treatments are depicted
in Figure 6.5. As for the previous device with 6 min air exposure during spray-coating of the
NW top-electrode (cf. Figure 6.4), the initial performance of the second cell is poor, showing
shorted device characteristics. The lower performance might be due to the comparatively
longer air exposure time of 36 min. Nonetheless, inert annealing at 100 ∘C for 30 min and
storing for 3 h inside a glovebox improves the cell performance as the shorted device char-
acteristics vanished. Although the curve of the annealed device exhibits 𝑗SC and 𝑉OC values
of higher than zero, a prominent s-kink is visible in this case. An evaporation of addition
n-ETL of 50 nm enables a slight increase in performance whereas the s-kink does not van-
ish. After a further inert annealing step (100 ∘C, 30 min), 𝑗-𝑉 -characteristics without any
s-kink are achieved. The observations on the NW Top cell with longer air exposure support
the previous assumptions according to Figure 6.4 (NW Top cell with short air exposure).
There, removal of residual water and oxygen is needed to stimulated an interdiffusion of the
materials and n-dopants at the NW/ETL interface, as well as a small thermal reactivation
of some passivated n-dopants to improve contact and cell.
Figure 6.6 depicts 𝑗-𝑉 -characteristics of equally fabricated cell stacks but with different
top-electrodes, enabling the investigation of the influence of the inevitable air exposure of
the NW device. A reference solar cell (Ref cell) with a transparent top-electrode, consisting
of an evaporated thin metal film (1 nm Al/14 nm Ag) and a 65 nm Alq3 capping layer [10]
(never exposed to air) is prepared and compared to the Top cell from Figure 6.4 with short
air exposure time of 6 min. During spray-coating of the Top cell, a reference cell with the
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Figure 6.5: Current-voltage-characteristics of an illuminated organic p-i-n type solar
cell with a ZnPc:C60 (1:1, 30 nm) bulk heterojunction as shown in Figure 6.3. The device
performance after successive treatments is plotted: Directly after spray-coating of AgNWs
(black squares), after inert annealing for 30 min at 100 ÂřC and 3 h storing in a glovebox
(green circles), after evaporation of 50 nm n-ETL (blue upside-down triangles) and after
another inert annealing step (red upright triangles).
same device stack is exposed exactly for the same amount time to air (Air cell) and is,
subsequently, coated with a thin metal top-electrode (1 nm Al/14 nm Ag, without capping)
by thermal evaporation in UHV. The NW Top cell exhibits a PCE of 1.23 %, higher than
the Air cell, showing 1.10 %. However, the inertly prepared Ref cell shows a twice as high
PCE of 2.46 %, exhibiting the highest 𝑉OC, 𝑗SC, 𝐹𝐹 as well as the lowest Sat. The Top
cell’s 𝑗SC of 7.14 mA/cm2 is comparable to the value of the Ref cell proving that most
charges can be extracted under short circuit conditions. Although the s-kink and therefore
the extraction barrier vanishes, there is still a poor charge extraction as can be seen in
the lower 𝐹𝐹 of 35.1 % (NW Top cell) instead of 61.4 % (Ref cell). The electrical contact
between NWs and ETL seems to be worse than between the evaporated thin metal and the
ETL. Hot metal can easily diffuse inside the organic material and can establish a strong
electrical connection during evaporation, whereas the AgNWs are supposed to lie on top
of the organic interface being partially insulated by excess EGC and PVP stabilizer. The
resulting poor contact is probably further aggravated by the partially passivated n-dopant.
This argument is supported by the comparable 𝐹𝐹 of the Air cell (54.5 %) with the Ref cell
(61.4 %), whereas the Top cell exhibits 37.2 %.
In particular, the 𝑗SC exhibits a lower value of 4.15 mA/cm2 for the Air cell instead of
7.14 mA/cm2 for the Top cell. An additional capping layer will improve the 𝑗SC, but will not
be sufficient to reach the 𝑗SC level of the Top cell, pointing to some damage or passivation
from the air exposure. Therefore, an inert annealing step under the same conditions than
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Figure 6.6: Current-voltage-characteristics and characteristic parameters of dark and
illuminated organic p-i-n type solar cells with a ZnPc:C60 (1:1, 30 nm) bulk heterojunc-
tions as photoactive layer. The device comprising a spray-coated AgNW transparent top-
electrode (Top, red triangles) is compared to a reference cell with transparent thin metal
top-electrode (Ref, Al [1 nm]/Ag [14 nm], (black squares) and a solar cell being exposed
exactly the same amount time to air than the Top device before the thermal evaporation
of the thin metal top-electrode in UHV (Air, cyan circles). The Air cell is also post-
annealed for 30 min at 100 ÂřC (Air-annealed, blue upside-down triangles). The unfilled
symbols represent the corresponding dark curves. Adapted from [323] with permission
from The Royal Society of Chemistry.
for the Top cell (100 ∘C, 30 min) is applied to recover the Air cell. The annealing slightly
improves the short circuit current density 𝑗SC of the Air cell, while the fill factor 𝐹𝐹 and the
saturation 𝑆𝑎𝑡 is not influenced significantly. In contrast, the open-circuit voltage 𝑉OC is
reduced by 30 mV, indicating some damage by the air exposure that needs to be accounted
for in the NW cell as well. Consequently, the power conversion efficiency increases only
slightly such that its absolute value is comparable to the value of the Top cell.
Furthermore, the influence of the air exposure time on the performance of a NW Top cell
is investigated. Therefore, the characteristics of the equally fabricated Top cell stacks with
an exposure time of 6 min (Top-6, cf. Figure 6.4 and 6.6) or of 36 min (Top-36, cf. Figure 6.5)
to ambient air. For a better grading, also the curves of the Ref cell and the Air cell (cf. Fig-
ure 6.6) are plotted. All the corresponding 𝑗-𝑉 -characteristics are depicted in Figure 6.7. In
detail, both Top cells show reasonable performance without any s-kink indicating successful
implantation of the NW top-electrodes and integrity of the air exposed devices. In particu-
lar, the Top-6 cell exhibits an increase in PCE by 20 % when compared to the Top-36 device.
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Figure 6.7: Current-voltage-characteristics and characteristic parameters of illumi-
nated organic p-i-n type solar cells with a ZnPc:C60 (1:1, 30 nm) bulk heterojunctions as
photoactive layer. The device comprising a spray-coated AgNW transparent top-electrode
(Top-6, 6 min exposed to ambient air) is compared to a equally prepared NW Top cell
(Top-36, 36 min exposed to ambient air), to a reference cell with transparent thin metal
top-electrode (Ref, Al [1 nm]/Ag [14 nm]) and to a solar cell being exposed exactly the
same time to air than the Top device before the thermal evaporation of the thin metal top-
electrode in UHV (Air). The unfilled symbols represent the corresponding dark curves.
Adapted from [323] with permission from The Royal Society of Chemistry.
Since the 𝑉OC is comparable for both devices (0.46 V vs. 0.47 V), the enhancement of the
Top-6 can be clearly attributed to the higher 𝑗SC of 7.14 mA/cm2 (instead of 6.19 mA/cm2)
and to the increased 𝐹𝐹 of 37.2 % (instead of 35.1 %). The higher PCE value of the Top-6
cell is supported by the lower Saturation, indicating less pronounced leakage currents under
reverse bias. Nonetheless, since the time of air exposure has only a minor influence on
PCE, the simple p-i-n type architecture with ZnPc:C60 BHJs (30 nm, volume ratio of 1:1)
used in this study (cf. Figure 6.3), enables a reasonable platform for the investigation of
the implementation ability of the novel AgNW top-electrode dispersion in small molecule
organic solar cells. However, a complete avoidance of the exposure to ambient air, such
as for instance spray-coating of the AgNWs inside a glovebox, is expected to lead to even
higher PCEs in NW Top devices, which may reach the corresponding performance of the
Ref cell.
Summarizing the solar investigations, the successful application of the novel AgNW
top-electrode on top of simple ZnPc:C60 devices is shown. The cells exhibit reasonable
efficiencies, but lose a bit of performance due to an inevitable air exposure during spray-
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coating and some interface contact difficulties at the NW device interface, which are not
yet optimized. Thus, the successful preparation and top-deposition of an inert nanowire
dispersion on top of a sensible organic device has been demonstrated with the transparent
electrode achieving competitive performance.
6.4 Summary
An inert AgNW dispersion is developed and a spray-coating process for the deposition of
silver nanowires onto vacuum-processed small molecule organic electronic devices has been
successfully demonstrated for the first time. Using commonly synthesized AgNWs and a
perfluorinated methacrylate to modify the nanowire shell enables the dispersion in highly
fluorinated solvents. These inert solvents do not dissolve the organic materials used in
the solar cells and are compatible with most small molecules and polymers used in organic
electronics in general. Spray-coating of the inert AgNW dispersion leads to high performance
electrodes. They show a very good performance, exhibiting a sheet resistance of 10.0 Ω/sq
at 87.4 % transparency (80.0 % with substrate) directly after low-temperature deposition
at 30 ∘C without further post-processing. Finally, the successful deposition of the inert
AgNW dispersion onto vacuum-processed and solvent-sensible organic p-i-n type solar cells
is presented. The simple, air-exposed devices exhibit reasonable PCEs of 1.23 %, similar to a
reference device. Thus, the first small molecule-based organic solar cell with a spray-coated
AgNW transparent top-electrode could be demonstrated.
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7 Direct Measurement of Basic SilverNanowire Network Parameters
In this chapter, results of the direct measurement of basic parameters of sil-
ver nanowire networks are presented. In particular, the wire-to-wire junc-
tion resistance and the resistance of a single nanowire are Kelvin-sensed with
nanoprobes. The corresponding data is used to run an ab-initio simulation
which determines the sheet resistance of the investigated network. This yields
a good agreement between the simulated and real sheet resistance. By extrap-
olating the wire-to-wire junction resistance to zero, an electrical limit of the
conductivity of AgNW systems can be determined. Thereby, a sufficient con-
clusion about potential performance enhancement opportunities is obtained for
this special type of transparent electrode. First, the state-of-the-art of sheet
resistance reduction efforts and measurement of basic parameters in nanowire
networks is introduced and explained in Section 7.1. In Section 7.2, general
simulations about the influence of the wire-to-wire junction resistance and the
resistance of a single nanowire on the sheet resistance of the entire network
are presented; this also includes the description of the basic measurement set-
up. Next, the measurement of the wire-to-wire junction resistance in annealed
nanowire networks and the resistance of single nanowires by means of Kelvin
sensing with nanoprobes is shown in Section 7.3. Additionally, the accor-
dance with the corresponding simulation is discussed. Furthermore, results
of the measurement of basic network parameters for the case of non-annealed
nanowire networks are shown and analyzed along with the simulation data in
Section 7.4. Finally, a short summary about the direct measurement of basic
parameters of silver nanowire networks is presented in Section 7.5. The main
content of this chapter is submitted to [342]. Some of the figures and text
passages were restructured, revised, and additional information was added.
7.1 Introduction
State-of-the-art silver nanowire (AgNW) networks exhibit low sheet resistance 𝑅S as well
as high transmittance values [98]. Therefore, these networks have been successfully imple-
mented as transparent conducting electrodes in various optoelectronic devices, particularly
in small molecule or polymer-based solar cells and in light emitting diodes [148, 323]. Cur-
rently, they allow the fabrication of flexible lab-scale devices showing equal performances
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compared to devices comprising the brittle and non-abundant indium tin oxide (ITO) [343].
Still, one important challenge is to further decrease the corresponding 𝑅S of AgNW
networks. Since future organic solar cell products are going to be fabricated on large area
substrates, their size will clearly exceed the typical lab scale device. This will lead to much
larger voltage drops and to a worse charge collection in the product. Consequently, very low
𝑅S values are needed to prevent effectively poorer power conversion efficiency in relation to
the active area of respective solar cell [196,197].
Here, the possibility of further sheet resistance reduction is evaluated by determining the
electrical limit of silver nanowire electrodes. An easy way to decrease the sheet resistance
of nanowire networks is to increase the density of wires on the surface. However, this is
not a suitable option since this approach significantly reduces the transmittance of the
transparent electrode (cf. Figure 3.5 and 3.9). In addition, the 𝑅S of a nanowire network is
influenced by its basic parameters, in particular the resistance of the single nanowire 𝑅NW
and the wire-to-wire junction resistance 𝑅J (cf. Section 3.2). The resistance of a nanowire is
mainly determined by the NW material and diameter. Since these two properties are fairly
immutable, a significant improvement in conductivity is limited in this case (cf. Section 3.2).
Therefore, effort has focused mainly on reducing the initially high wire-to-wire resistances
by several orders of magnitude upon post-treatments such as thermal annealing [16], solvent
washing [204], mechanical pressing [216], galvanic coating [215], or plasmonic welding [217].
However, a detailed study on the measurement of basic network parameters has not been
demonstrated up to now which leaves the question about the theoretical sheet resistance
limit of silver nanowire electrodes open.
Here, the basic network parameters of a freshly prepared network with high 𝑅S and
an annealed network with low 𝑅S are directly measured for the first time. An ab-initio
simulation is used to correlate the measured values 𝑅NW and 𝑅J with the 𝑅S of the entire
mesh. Consequently, an electrical limit for the silver nanowire networks used in this work
can be extrapolated by reducing the junction resistance to zero ohm. This estimation shows
that the AgNW electrodes prepared in this work are quite close to the electrical limit, since
the measured 𝑅J of an annealed AgNW network is not significantly larger than zero.
7.2 Network Simulation and Measurement Set-up
Prior to measurement, an ab-initio simulation (cf. Section 4.3.2 under measurement of basic
network parameters and network simulation) is carried out for basic network analysis. Prin-
cipally, the influence of the basic parameters wire-to-wire junction resistance and resistance
of a single nanowire on the sheet resistance of the entire mesh is quantitatively evaluated.
For that purpose, the average nanowire length and corresponding standard deviation ac-
cording to the supplier’s data sheet of AgNW-90 (cf. Section 4.1.1 under silver nanowires
and auxiliary materials) are used for implementing the transmittance of the mesh. Accord-
ingly, a variation in nanowire resistance 𝑅NW and junction resistance 𝑅J is performed to
investigate the 𝑅S(𝑅J) and 𝑅S(𝑅NW) dependency. For this, the following values are used
for the resistance of the single nanowire 𝑅NW and the wire-to-wire junction resistance 𝑅J:
𝑅NW = 5, 10, 15, 20, 25 Ω/𝜇m, (7.1)
𝑅J = 0, 10, 100, 250, 500, 750, 1000, 2000 Ω. (7.2)
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The resulting data about the influence of the resistance of a single nanowire on the direct
transmittance versus sheet resistance dependency of the entire network is depicted in Fig-
ure 7.1 and about the influence of the wire-to-wire junction resistance on the sheet resistance
of the entire network is shown in Figure 7.2.
Considering the influence of 𝑅NW on the sheet resistance 𝑅S in Figure 7.1, all plots
exhibit a comparable shape which can be described by a slightly bent down curve toward
high 𝑅S values. In detail, this specific curve shape only needs to be shifted toward higher
𝑅S if the 𝑅NW value is increased. For the lowest 𝑅J of 10 Ω, the 𝑅S is strongly dependent
on the 𝑅NW, as the 𝑅S curve is shifted by approximately one order of magnitude toward
higher 𝑅S values (shift from 5 . . . 30 Ω/sq to 30 . . . 200 Ω/sq). In contrast, for the highest 𝑅J
of 1000 Ω, the 𝑅S is nearly independent on the 𝑅NW as the corresponding data lies in a very
narrow range between 20 and 400 Ω/sq in all 𝑅NW diagrams. On the one hand, an increase
in 𝑅S upon an increase of the 𝑅J is expected. On the other hand, the nearly constant 𝑅S for
high 𝑅J does not fit in this assumption. Apparently, the 𝑅S is dominated by 𝑅NW only for
low 𝑅J. In addition, in all diagrams the data points for high transmittance values at ≈ 86 %
are closer in 𝑅S direction than for low transmittance (≈ 70 %) which might be attributed
to the percolation in a nanowire network (cf. Section 3.2.1 and reference [344]).
Studying the influence of 𝑅NW on the sheet resistance 𝑅S in Figure 7.2, in each diagram
a comparable shape of the data points attributed to a distinct 𝑅J can be observed. It is a
curve which is slightly bent down toward high 𝑅S values. This specific shape only needs to
be shifted toward higher 𝑅S if the 𝑅J value is increased. For the lowest 𝑅NW of 5 Ω/𝜇m,
a strong dependency on the 𝑅S from the 𝑅J is visible, as the corresponding 𝑅S data is
shifted by approximately one order of magnitude toward higher 𝑅S (from 5 . . . 30 Ω/sq to
30 . . . 400 Ω/sq). In contrast, for the highest 𝑅NW of 25 Ω/𝜇m, the 𝑅S is nearly independent
on the 𝑅J as the corresponding data only slightly shifts toward higher 𝑅S values for increas-
ing 𝑅NW (all 𝑅J plots within 20 . . . 700 Ω/sq). While an increase in 𝑅S upon an increase
of the 𝑅NW is expected, the nearly independent 𝑅S behavior from the 𝑅J for high 𝑅NW
does not fit in this assumption. Obviously, the 𝑅S is dominated by 𝑅J only for low 𝑅NW.
In addition, in all diagrams the data points for low transmittance (≈ 70 %) are closer in
𝑅S direction than for high transmittance values at ≈ 86 % which is exactly the opposite
behavior as observed in Figure 7.1. This might be also attributed to the percolative nature
of the nanowire electrode (cf. Section 3.2.1 and reference [344]).
Generally, all direct transmittance versus sheet resistance data in Figure 7.1 and 7.2
exhibit a comparable shape in the semilogarithmic plot. In both the correlation of 𝑅J
with 𝑅S (according to Figure 7.1) as well as in the correlation of 𝑅NW with 𝑅S (according
to Figure 7.2), closer curves for higher sheet resistance values are observed. This might
be due to the reason that the 𝑅S of the entire nanowire network is dominated by the
network quantity with the comparatively higher resistance value. For instance the 𝑅S can
be dominated by the 𝑅NW only for low 𝑅J values and vice versa.
All in all, a good understanding of the individual influence of 𝑅NW and 𝑅J on the 𝑅S
of an nanowire electrode could be gained. This information can be directly utilized in
the following sections where 𝑅NW and 𝑅J are directly measured. The obtained values are
then used to simulate the associated direct transmittance versus sheet resistance data set.
The latter can be then compared to the behavior of the correspondingly measured direct
transmittance versus sheet resistance characteristics.
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Figure 7.1: Simulation on the influence of the wire-to-wire junction resistance on the
direct transmittance versus sheet resistance dependency of the entire network. In each
plot, a fixed junction resistance is set and a variation in the nanowire resistances is
carried out.
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Figure 7.2: Simulation on the influence of the resistance of a single nanowire on the
direct transmittance versus sheet resistance dependency of the entire network. In each
plot, a fixed nanowire resistance is set and a variation in the junction resistances is
carried out.
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For measuring the resistance of single nanowires and isolated junctions, the set-up as







Kelvin-sensing on annealed nanowire network
Single nanowire 𝑅NW 4.96 ± 0.18 Ω/𝜇m
Single nanowire (theory) 𝑅NW 4.40 Ω/𝜇m
Junction resistance 𝑅J 25.2 ± 1.9 Ω
Figure 7.3: Illustration of the used measurement set-up. Nano-manipulable tungsten
tips are installed inside a scanning electron microscope to isolate and contact the silver
nanowires and measure the nanowire resistances 𝑅NW and junction resistance 𝑅J by
means of Kelvin-sensing. The measured values of an annealed nanowire network are
given in the table below.
ter ≈ 50 nm), installed inside a scanning electron microscope, a nanowire junction is iso-
lated. Two of the six tungsten tips are exclusively used to carefully scratch and separate
the nanowires, isolating them from neighboring wires. The remaining four tips are used
to Kelvin-sense the junction resistance 𝑅J of the isolated wire-to-wire junctions. Here, at
least three different positions are investigated to ensure a well established electrical connec-
tion between the measurement tips and the nanowires. Since nanoprobing directly at the
junction may alter its properties and characteristics, the nanowires are always contacted in
a defined distance to the junction. Consequently, the junction resistance 𝑅J needs to be
extracted from the measured resistance given by 𝑅meas = 𝑅NW1 + 𝑅NW2 + 𝑅J. Therefore,
also measurements are performed to obtain the resistance of a single nanowire 𝑅NW with
respect to its length. By determining the total distance 𝑑total = 𝑑1 + 𝑑2 between the contact
positions and by using the known 𝑅NW, the 𝑅J can be calculated. The analysis of the
corresponding data leads to an average nanowire resistance of 𝑅NW = (4.96 ± 0.18) Ω/𝜇m.
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By using Equation 3.15 (Pouillet’s law for resistors with uniform cross-section modified for
cylindrical NWs) and a resistivity of 𝜌 ≈ 2.78 × 10−8 Ωm (for AgNWs with a diameter
of 100 nm [285]), a theoretically calculated resistance for a single AgNW of the dispersion
used in this work of about 4.40 Ω/𝜇m (cf. Section 3.2.4 under Electrical specialties) can be
obtained. This is in good accordance with the measured value of 𝑅NW = 4.96 Ω/𝜇m. By
means of the latter value (direct measurement), we can extract an average nanowire junction
resistance of 𝑅J = (25.2 ± 1.9) Ω for annealed AgNW networks.
7.3 Analysis of an Annealed Nanowire Network
The annealed nanowire network is in the focus of the data analysis. It represents the simplest
case for a mathematical description of a percolation network due to the elimination of the
main disruptive factors such as polymer residues from the synthesis, some oxidized metal,
other impurities, or scattering of electrons due to comparatively narrow grain boundaries
in nanostructures (cf. Section 3.2.4 under electrical specialties). Subsequent to the spray-
ing of AgNWs on glass, the samples are heated on a hot plate for 90 min at 210 ∘C under
ambient conditions. The corresponding direct transmittance values are plotted in depen-
dency of their 𝑅S (red open circles) in the diagram of Figure 7.4. According to our direct
measurement of 𝑅NW and 𝑅J, simulated curves with a fixed 𝑅NW = 5 Ω/𝜇m and various 𝑅J
values in the range of 0 . . . 250 Ω are displayed as well. A very good agreement is achieved
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Figure 7.4: Direct transmittance versus sheet resistance of a set of annealed silver
nanowire samples (210 ∘C, 90 min) with different transmittance values (red open circles)
in comparison to simulated nanowire networks with a constant nanowire resistance of
5 Ohm/𝜇m and a variation in the junction resistances (lines).
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between the actual and the simulated electrode performance (red open circles) for a junction
resistance of 𝑅J = 30 Ω (red dashed line). This value nicely matches with the measured
junction resistance of 𝑅J = (25.2 ± 1.9) Ω proving both the measured 𝑅NW and 𝑅J, as well
as the reliability of the simulation tool. On these grounds, this approach enables a mean-
ingful estimation of the electrical limit of AgNW networks. By extrapolating 𝑅J to zero,
the sheet resistance limitation for the AgNW system used in this work can be obtained.
Comparing the respective curve (blue solid line) with the measurement (red open circles),
a theoretical 𝑅S reduction by only ≈ 20 % would be possible in the relevant transmittance
regime for transparent electrodes. This corresponds to less than one order of magnitude,
being too small to expect a breakthrough toward achieving very low 𝑅S values. In fact,
the resistance at a nanowire junction will never be zero, since there are always insulating
organic capping agents around metallic NWs grown in solution. As described above, poly-
mer residues, usually polyvinylpyrrolidone (PVP) from the synthesis, some oxidized metal,
or other impurities will harm the electrical contact at the junctions. Therefore, highly con-
ductive nanowire networks improving substantially upon the state-of-the-art can not just
be realized by reducing 𝑅J. A possible enhancement would only be achievable by an im-
proved nanowire geometry, meaning a higher aspect ratio (length vs. diameter) as already
suggested by De et al. [255]. Another way would be the search for new concepts such as
recently reported on bio-inspired networks [345].
7.4 Analysis of a Non-annealed Nanowire Network
The case of a non-annealed nanowire network, which can have substantially higher junc-
tion resistance, is also investigated. In Figure 7.5, the corresponding results (black circles)
alongside the annealed case (red open circles) and the simulated curves (𝑅NW = 5 Ω/𝜇m,
𝑅J = 0 . . . 8000 Ω) are shown. All simulated curves, including the annealed data, exhibit the
same shape in this semilogarithmic plot. There is only an offset toward higher 𝑅S values
upon an increase in junction resistance. Interestingly, the non-annealed measurement data
deviates from this characteristic behavior by showing a stretched shape. Accordingly, one
will not obtain a simulated curve which fits well with the data of the initial samples by pro-
gressively increasing the junction resistance. Considering the measurement with the nano-
manipulator set-up, an average value of 𝑅J = (529 ± 239) Ω is obtained for non-annealed
wires. Here, especially the relative deviation from the mean by ±45 % is comparatively
large, suggesting a broad distribution of junction resistances. Therefore, the influence of
different 𝑅J distributions is investigated with the simulation.
For that purpose, gaussian distributions with different widths, equal distributions with
various intervals, and a distribution of two distinct values with a defined ratio are imple-
mented in the simulation. Exemplary data on this investigation is depicted in Figure 7.6.
In detail, a fixed nanowire resistance of 5 Ω/𝜇m and a variation in the junction resistances
with fixed values of 0, 30, and 750 Ω are used. Furthermore, a distribution of two distinct
values 𝑅J1 and 𝑅J2 with a defined ratio, for instance 𝑅J1 = 30 Ω : 𝑅J2 = 750 Ω (1:8), a
gaussian distribution with a mean value of 750 Ω and a width of 80 Ω, and an equal distri-
bution between 30 and 20000 Ω are implemented in the simulation in combination with a
fixed nanowire resistance of 5 Ω/𝜇m. In particular the distribution with two distinct values
enables an interesting conclusion about the influence of the 𝑅J on the sheet resistance of the
entire network. Although the 𝑅J values 𝑅J1 = 30 Ω and 𝑅J2 = 750 Ω have a ratio of 1:1, the
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Figure 7.5: Direct transmittance versus logarithmic sheet resistance 𝑅S of a set of
non-annealed silver nanowire samples (black circles). Subsequently, theses were annealed
at 210 ∘C for 90 min (red open circles). The data of the samples is compared to respec-
tive simulated nanowire networks with a fixed nanowire resistance of 5 Ohm/𝜇m and a
variation in the junction resistances (lines).
corresponding curve is not located in between the curves with fixed 𝑅J of 𝑅J1 = 30 Ω and of
𝑅J2 = 750 Ω. This observations suggests a clear domination of the 𝑅S by low 𝑅J values. An
increase in ratio toward 1:2 (higher content of 𝑅J2 = 750 Ω) does not significantly change
the 𝑅S curve supporting this assumption. Only a very high 𝑅J2 = 750 Ω content distinctly
shifts the 𝑅S curve toward the expected curve of 𝑅J2 = 750 Ω. The other both distributions
enable a completion of the influence of distributed 𝑅J in nanowire networks. The curve of
the gaussian-like distributed 𝑅J is equal to the fixed 750 Ω leading to the conclusion that
this distribution type does not give different behavior from using just fixed 𝑅J. The equal
distribution exhibits the same shape than the other curves but is fairly far away since high
𝑅J also contributing to the network performance, which influence the higher sheet resistance
observed in this case.
All in all, still curve progressions with the same shape are obtained than for the case
where fixed junction resistance values are put in. The different shape of the non-annealed
and simulated curve may originate from the straightforward approach concerning the trans-
mittance. In the simulation, the transmittance is defined via the surface coverage, which is
the percental area covered by NWs. According to Chung et al. [102], it can be assumed that
this surface coverage is equal to 𝑇spec. In corresponding measurements published recently by
our group [346], a slight increase in the total transmittance of annealed AgNWs can be seen.
This transmittance increase in annealed networks may originate from a closer and tighter
alignment of NWs on the substrate. Therefore, one can guess that the annealed system of
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Figure 7.6: Direct transmittance versus logarithmic sheet resistance 𝑅S of a set of non-
annealed silver nanowire samples (black circles). Subsequently, these were annealed at
210 ∘ C for 90 min (red open circles). The data of the samples is compared to simulated
nanowire networks with a fixed nanowire resistance of 5 Ohm/𝜇m and a variation in the
junction resistances with fixed values and distributions. For the fixed junction resistance
values 0, 30, and 750 Ohm are used. For the other curves, a distribution of two dis-
tinct values with a defined ratio, a gaussian distribution with a mean value of 750 Ohm
and a width of 80 Ohm, as well as an equal distribution between 30 and 20000 Ohm are
implemented in the simulation.
denser arranged wires is most comparable with the ideal case of one-dimensional stick-like
nanowires. Thus, this conclusion allows to equate the direct transmittance with the surface
coverage. In addition, it is also appropriate to use the measured direct transmittance of
annealed networks for non-annealed NWs.
In fact, a reasonable explanation for the deviation between measurement and simulation
of the non-annealed data can be found in the spraying procedure for complete transmittance
sets. In order to obtain samples with different transmittance, one needs to spray more than
just one layer of NWs on the substrate. While spraying on already deposited NWs, the
ethanol in the AgNW dispersion moistens these NWs. At the same time, the PVP on
the substrate and in the AgNW dispersion is able to connect to the shell of the NWs via
hydrophobic interactions. Subsequently, as the ethanol dries, the PVP shrinks and presses
the NWs toward the substrate. Thereby, better connections are established at the junctions
leading to a significant reduction in sheet resistance (cf. Chapter 5). This effect should be
the more pronounced, the more layers are sprayed on the substrate. Especially in the region
with low transmittance, a smaller difference between annealed and non-annealed networks
should be visible. Considering the corresponding data in Figure 7.5, one nicely observes a
smaller 𝑅S difference for low transmittance. Additionally, it should be mentioned that the
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samples are heated at 80 ∘C during spraying in order to guarantee a fast ethanol evaporation
and to achieve homogeneous AgNW films (cf. Section 4.2.1 under Spray-coating). For
complete transmittance sets, usually the substrates are left on the hot plate as long as the
desired transmittance value is reached. Therefore, especially non-annealed samples with
lower transmittance are unintentionally treated somewhat longer than their counterparts
with higher transmittance.
Based on the complex processes involved in the preparation of the non-annealed samples,
one can conclude that the corresponding data can not be described by just a sole simulation
curve. Most likely, every single data point represents a different network exhibiting its own
mean junction resistance which then could be fitted by the simulation tool. According to
the above described influence of PVP in the sample preparation, a lower mean junction
resistance for samples with lower transmittance is expected. Considering Figure 7.5, one
can attribute a mean junction resistance of 𝑅J ≈ 750 Ω to the network with a transmittance
of 72 %. At a higher transmittance one can attribute higher mean 𝑅J, clearly supporting
this assumption. In detail, at 76 % approximately 1000 Ω, at ≈ 77 % approximately 1500 Ω,
at ≈ 79 % approximately 2000 Ω, and at 82 % approximately 8000 Ω can be attributed.
Therefore, one can confidently deduce that a non-annealed NW network needs to be sep-
arately investigated at each transmittance value while annealed networks always show the
same mean junction resistance for each coverage.
7.5 Summary
The simulation of the nanowire networks allows the investigation of the general influence
of the wire-to-wire junction resistance and the resistance of a single nanowire on the sheet
resistance of the entire network. Additionally, successful measurements of the basic network
parameters, including the junction resistance 𝑅J and nanowire resistance 𝑅NW of pristine
and annealed AgNW networks have been demonstrated for the first time. The resulting
data of measurement and simulation allows the calculation of the electrical limit of the
nanowire networks used in this work. From the measurement on the annealed AgNWs
(210 ∘C, 90 min), a 𝑅NW = (4.96 ± 0.18) Ω/𝜇m and 𝑅J = (25.2 ± 1.9) Ω can be obtained.
Putting these values into a simple model, one is able to fit the simulated curve with the
data of real and optimized AgNW networks. Accordingly, an examination of the electrical
limit of the NW system used in this work can be achieved by extrapolating the junction
resistance down to zero. The annealed AgNWs are fairly close to the limit with a theoreti-
cal enhancement range of only 20 % (common absolute 𝑅S ≈ 10 Ω/sq). Therefore, one can
conclude that a significant performance improvement will only be possible via a geomet-
rical enhancement. In particular, the NW aspect ratio (length vs. diameter) needs to be
increased, which means that wires with larger lengths are required. Nonetheless, very long
NWs possess serious practical problems for organic solar cells. Due to the poor local contact
between solar cell devices and noncontinuous NWs, low charge carrier extraction and there-
fore a low fill factor is expected. Accordingly, the incorporation of conducting interlayers
or implementation of new beneficial network arrangements, e.g. bio-inspired structures, are
ultimately important to maintain sufficient fill factors.
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8 Carbon Nanotubes as TransparentBottom-electrodes
In this chapter, randomly distributed networks of carbon nanotubes are evalu-
ated as transparent bottom-electrodes for small molecule organic solar cells. By
optimizing the as-deposited carbon nanotubes for the implementation as flexi-
ble transparent electrode in organic solar cells, efficient devices are obtained.
First, a brief overview on the state-of-the-art of carbon nanotube networks is
given and their advantages in case of an application as transparent electrode
in organic solar cells are highlighted in Section 8.1. Next, the characterization
and optimization regarding the incorporation as transparent bottom-electrode
are presented in Section 8.2. In the same section also a hybrid electrode com-
prising carbon nanotubes and silver nanowires is introduced to combine the
individual advantages of carbon nanotubes and silver nanowires in this com-
posite structure. In Section 8.3, the incorporation of the carbon nanotube only
and carbon nanotube/silver nanowire hybrid system as transparent bottom-
electrode in small molecule organic solar cells is demonstrated. Finally, a short
summary about carbon nanotube networks as transparent bottom-electrode for
small molecule organic solar cells is given in Section 8.4. Some content of this
chapter is published [347].
8.1 Introduction
Besides networks of metal nanowires, networks of carbon nanotubes are also utilized as
transparent conducting electrodes in organic solar cells [348]. Although sole armchair tubes
exhibit metal-like conductivity (cf. Section 3.1.2 under carbon-based systems), respective
networks show comparatively low conductivity values which originate from high resistances
at the inter-tube junctions [76]. According to the percolation theory (cf. Section 3.2.1 and
3.2.2), also longer stuctures should enhance the conductivity of network electrodes. Recently,
an aerosol CVD process was shown by our project partner Canatu, where a hybrid carbon
source is used to obtain very long CNTs. In comparison to the common carbon monoxide
(CO) sources, an introduction of H2 and C2H4 yields tubes with a five times enlarged mean
length of 17 𝜇m. By doping with gold chloride (AuCl3), sheet resistances as low as 73 Ω/sq at
90 % transparency are achieved [163]. Furthermore, such networks are able to be processed
on flexible substrates [349] as well as showing high robustness against bending and stretching
of single tubes [164].
8 Carbon Nanotubes as Transparent Bottom-electrodes
Here, carbon nanotube networks are characterized as obtained from Canatu. Subse-
quently, these electrodes are optimized regarding the incorporation in corresponding de-
vices, where the roughness of CNT networks needs to be considered. For that purpose,
PEDOT:PSS layers are utilized since they typically enable sufficient planarization and there-
fore a reasonable prevention from shorts (cf. Section 3.1.2 under carbon-based systems). In
detail, several spin-coating parameters are investigated to obtain a deposition procedure
yielding sufficiently smooth CNT/PEDOT:PSS electrodes. Since the use of PEDOT:PSS
lowers the long-term stability of respective devices (cf. Section 3.1.1 under low surface rough-
ness), the PEDOT:PSS amount is kept as low as possible by utilizing thick transparent hole
transport layers. In this connection, only a thin PEDOT:PSS layer is coated on top of the
CNTs which is followed by a comparatively thick hole transport layer and the correspond-
ing device stack as depicted in Figure 4.6. For practical reasons and a large number of
application possibilities, the transparent CNT bottom-electrodes are investigated in various
solar cell architectures such as common p-i-n type stacks, inverted n-i-p type cells, recently
emerged highly efficient cascade cells [350], and more sophisticated p-n-i-p type structures.
In the latter case, a recombination contact as known from efficient small molecule tandem
organic solar cells (cf. Section 4.2.4) is used at the p-n interface.
As already described, the same issue is valid for inherently rough AgNW networks
(cf. Section 3.1.1 under low surface roughness). In order to circumvent the use of PE-
DOT:PSS in AgNW electrodes, a new approach is introduced where CNTs are combined
with silver nanowires in a hybrid structure. These hybrid electrodes are fabricated by suc-
cessively depositing both individual electrodes with the CNTs coated directly on top of the
AgNWs. In case of covering AgNWs like a carpet, the additional CNT layer is expected to
reduce the high AgNW surface roughness such that the CNT mesh smoothens the compar-
atively thick AgNWs.
Furthermore, an AgNW/CNT hybrid structure may increase the charge collection effi-
ciency of AgNW electrodes. Typically silver nanowires exhibit outstanding optoelectronic
performance with sheet resistance and transmittance values on flexible substrates which
are comparable to those of ITO on glass [19]. However, some experiments about AgNWs
as bottom-electrode in solar cells indicate that not all charge carriers are homogeneously
extracted over the entire interface between AgNWs and the subsequent layer. In particular
if that layer is fairly weakly conductive, large areas in between the wires are comparatively
far away from the network to effectively extract charge carriers [97]. As a consequence, the
short-circuit current density and therefore the PCE are reduced. A possible solution would
be the combination of CNTs with silver nanowires in a hybrid electrode to circumvent the
low charge collection efficiency. Although the conductivity of CNTs is comparatively lower
than that of AgNWs, the CNTs can sufficiently transport the charge carriers generated inside
a NW mesh opening toward the nearest NW. From there, these charges can be transported
with negligible losses through the NW electrode.
The hybrid approach is investigated regarding their applicability in organic small molecule-
based solar cells. For that purpose, firstly AgNWs are spray-deposited on the correspond-
ing substrate at the IAPP according to the procedure described in Section 4.2.1 under
spray-coating. Subsequently, these samples are coated with CNTs from our project partner
Canatu according to the processing described in Section 4.1.1 under carbon nanotube net-
works. Prior to the solar cell fabrication, stand-alone AgNW/CNT films are characterized
and evaluated for the implementation and subsequently, respective devices are processed
and investigated.
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8.2 Carbon Nanotube and Silver Nanowire/Carbon
Nanotube Hybrid Electrodes
Prior to the solar cell implementation, the electrode is characterized and evaluated for
the incorporation in organic solar cells. Regarding the essential requirements of TCEs
(cf. Section 3.1.1), a low surface roughness, a high transmittance, and a low sheet resistance
are crucial for preparing highly efficient organic solar cells. Accordingly, the CNT electrodes
need to be optimized for the solar cell implementation. In such a way that only cleaning,
structuring, and planarization procedures are applied which maintain or improve the initial
optoelectronic performance or roughness of the electrode.
8.2.1 Characterization of the Electrodes
Surface roughness
In order to investigate the roughness and topography of CNT and AgNW/CNT hybrid



















300Pure CNTs AgNW/CNT Hybrid
Figure 8.1: Atomic force microscope measurements on pure CNTs (left) and on
AgNW/CNT hybrid structure (right). Note that for both pictures the same area is scanned
but a significantly different height scale is chosen.
are taken in the same scale and in both measurements the CNTs are distinctly visible.
Comparing the pure CNT electrode with the AgNW/CNT hybrid electrode, the latter has
a much larger height difference from the substrate level to the highest structure. Since
usually several AgNWs are stacked on top of each other, the total height difference of
the AgNW/CNT system is tripled when compared to pure CNTs. For the AgNW/CNT
hybrid electrode, the AgNWs are fully covered by the CNT network. Although the surface
density of the AgNWs is comparatively lower, than for the CNTs, the coarse texture is
dominated by AgNWs since their diameter is approximately fifty times larger the that of
the CNTs. In principle, the total height of such a profile does not sufficiently characterize
the relevant roughness for solar cells. Usually AgNW electrodes need to be planarized for
solar cell implementation to avoid shorts in the device (cf. Section 3.1.1 under low surface
roughness). Due to directly lying on top of the AgNWs, CNTs partially contribute to the
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planarization of the AgNWs, since the maximum inclination at the edges of the AgNWs is
reduced. In particular, large area structures (plateaus of at least micrometer range) can be
separately handled for the calculation of the height profile since they do not have a significant
influence on the performance of organic solar cells. In contrast, all structures exhibiting
a size which is approximately in the same range than a typical layer thickness of about
100 nm (cf. Section 4.2.4) distinctly reduce the device efficiency. The unfiltered roughness
of pure CNT electrodes and AgNW/CNT hybrid electrodes shows values of 12.4 nm and
60.9 nm, respectively. By filtering the data of AgNW/CNT hybrid electrodes regarding the
comparatively large AgNW structures, which exceed a size of 100 nm, similar roughness
values like for pure CNT networks are obtained.
In summary, closed films of CNTs could be successfully deposited onto AgNWs. Although
they are fully covering the wires, it is not possible to characterize at this stage whether CNTs
are able to sufficiently smoothen AgNWs in a way that no further planarizing PEDOT:PSS
layer is necessary. For that purpose, the AgNW/CNT hybrid system needs to be investigated
regarding its performance in corresponding solar cells.
Optoelectronic performance
The optoelectronic performance of the CNT and AgNW/CNT hybrid electrodes is investi-
gated by measuring the total transmittance (including substrate) and sheet resistance of the
corresponding electrode films. The obtained spectra as well as respective curves from Ag-
NWs only on glass and ITO on glass are depicted in Figure 8.2. Additionally, the data on the
sheet resistance measurement, the total transmittance at a wavelength of 550 nm, and the
resulting FoM values are given in the legend of the plot. The pure AgNW film on glass shows
a sheet resistance of 11 Ω/sq at 80.1 % transparency and a FoM of 240. In order to obtain a
CNT/AgNW hybrid structure, the same amount of AgNWs is simultaneously spray-coated
on a PET substrate. Subsequently, CNTs are deposited directly on top of the AgNWs by our
project partner Canatu. As expected, the CNT absorb an additional proportion of incident
light, such that the CNT/AgNW hybrid electrode exhibits a lower transmittance of 68.7 %
when compared to the AgNW only film (80.1 % transparency). Interestingly, the sheet resis-
tance of the hybrid electrode stays constant at 11 Ω/sq which suggests that the conductivity
of the CNT/AgNW hybrid architecture is dominated by the silver nanowire network while
the CNTs do not significantly contribute to the sheet resistance of the entire hybrid system.
In connection with the percolation theory (cf. Section 3.2.1 and 3.2.2), this behavior appears
plausible since the pure CNT network exhibit a nearly five times higher sheet resistance than
an AgNW only film (11 vs. 49 Ω/sq). In addition, the FoM of the hybrid electrode could be
more than doubled when compared to the pure CNT film (110 instead of 48) such that it
exhibits a comparable optoelectronic performance than ITO (𝐹𝑜𝑀 = 130) although show-
ing significantly lower transparency (68.7 % instead of 82.0 %). By considering the spectral
dependency of the hybrid electrode, a significantly lower transmittance than for AgNWs on
glass is observed below approximately 360 nm. As also pronounced in a pure CNT film on
PET, the lower transmittance can be attributed to the additional absorption of the PET
substrate which is drastically blocking incident light below 360 nm. In particular for glass
substrates, light is blocked below approximately 300 nm which should allow for a slight in-
crease in mean transmittance for CNT/AgNW hybrid electrodes on glass. However, among
all presented electrodes of this comparison in Figure 8.2, an AgNW only film delivers the
highest optoelectronic performance with a comparatively high FoM of 240. Nonetheless,
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Figure 8.2: Transmittance spectra of pure CNTs on PET (black solid line), AgNWs on
glass (green dash dotted line), AgNW/CNT hybrid on PET (red dashed line), and ITO
on glass (orange dotted line). Additionally, the sheet resistance, total transmittance at a
wavelength of 550 nm, and the resulting FoM values are given in the legend of the plot.
this hybrid approach may be beneficial for the solar cell performance as higher charge col-
lection efficiency and therefore higher short-circuit current density and PCE are expected
in respective devices comprising such a hybrid electrode (see above). For that purpose, the
single concentrations of AgNWs and CNTs need be optimized to obtain a hybrid electrode
which is able to guarantee an efficient charge collection (enabled by the CNTs) and a high
optoelectronic performance (enabled by the AgNWs) at the same time. Since this effect
should be predominantly visible in prepared devices, such an influence can only be seen by
comparing the solar cell performance of corresponding devices with varying ratio of AgNWs
and CNTs.
8.2.2 Optimization of the Electrodes for Solar Cell Implementation
Cleaning and structuring
Due to inducing short cuts, substrates contaminated with dust and impurities are gener-
ally unusable for organic solar cells. Therefore, electrodes including substrates need to be
cleaned prior to their deployment. Besides purging with nitrogen and rinsing with various
solvents, further cleaning techniques are commonly used to clean substrates coated with
ITO. However, these procedures may not be suitable for carbon-based electrodes since they
can severely damage the transparent conductors.
Experimentally, CNTs on PET are treated with ethanol in an ultra sonic bath for 5 min.
Directly after the treatment, the sheet resistance of the sample lies over 10 kΩ/sq which
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is out of the measurement range of the used set-up. According to their preparation, it is
known that the CNTs lie only fairly loose on the substrate leading to an easy displacement.
In order to prove this assumption, an AFM image of the treated sample is acquired which
is shown on the left side of Figure 8.3. In comparison to a pure CNT film (cf. Figure 8.1
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Figure 8.3: Atomic force microscope measurements on pure CNTs (left) treated with
ultra sonic bath (USB) in ethanol (EtOH) for 5 min or (right) after 10 min argon plasma.
on the left), less tubes are visible on the surface of the substrate although no dust particle
can be seen in the entire sector. Therefore, one can deduce that the density of remaining
CNTs is too low for establishing a conductive percolation network. Further investigations
support this observation, since they indicate that common solvents like water and ethanol
can also increase the sheet resistance of CNT electrodes although no ultra sonic bath is
used. In detail, the initial sheet resistance of 62 Ω/sq is increased upon spin-coating at
600 rpm for 30 s followed by 1200 rpm for 90 s either of deionized water toward 87 Ω/sq or
of ethanol toward 71 Ω/sq. In conclusion, treatment with common solvents is not suitable
for a sufficient and performance-maintaining cleaning of CNT electrodes.
An alternative cleaning is used by exposing the CNTs to a gas plasma which is not
only useful for cleaning purposes, but also for improving the wetting behavior of subsequent
layers. In particular for AgNWs treated with argon plasma (10 min), a significantly better
wetting behavior for aqueous solutions is observed. Therefore, CNTs are also exposed under
exactly the same conditions to an argon plasma. Afterward, the sample exhibits a fairly high
sheet resistance of more than 10 kΩ/sq. Considering the respective AFM measurement on
the right side of Figure 8.3, this observation can be nicely explained by distinctly damaged
CNTs such that nearly no connection is existing between most of the tubes.
All in all, neither solvent treatment nor plasma exposure are suitable cleaning techniques
for CNT electrodes. Instead, a further method is found to nearly completely remove dust
from the sample surface which does not influence the sheet resistance, transmittance, and
topography of the electrode. In detail, a contact cleaner “Nanocleen” (cf. Section 4.1.1
under carbon nanotube networks) is used which removes most of the dust of less than a
micron in size.
The structuring of CNT electrode is kept fairly simple. Since the tube networks are
prepared in stripes of about 3 cm in width, the sample layout only needs to be slightly
modified from the common layout (cf. Section 4.2.2 and Figure 4.5 (a) vs. (b)).
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Planarization with PEDOT:PSS
The characterization of the surface roughness of pure CNT electrodes results in a value of
12.4 nm (cf. Section 8.2.1 under surface roughness). Experience has shown that a maximum
surface roughness of 5 nm is tolerable for organic solar cells such that no shorts can be
observed in respective devices. In literature, studies on organic light emitting diodes reveal
a maximum roughness of around 3 nm [351]. Since the initial value for the surface roughness
is significantly higher than both preferred values (12.4 nm instead of minimal less than 5 nm),
the CNT electrodes need to be planarized. For that purpose, the application of spin-coated
PEDOT:PSS layers is investigated by varying the wetting behavior or processing parameters.
In the first approach, the lowly conductive PEDOT:PSS formulation VPAI (cf. Sec-
tion 4.2.1 under planarization) is spin-coated directly on the cleaned electrode. As starting
point, a revolution speed of 3000 rpm at a holding time of 30 s is used. Subsequently, the
substrates are annealed at 120 ∘C for 15 min to get rid of residual water. Since treatment
with argon plasma completely damages a CNT electrode, the surface tension of VPAI is
lowered by adding isopropyl alcohol (IPA) which should lead to an increased wetting of
the CNT surface. In detail, 0 vol.%, 10 vol.%, and 20 vol.% of IPA is mixed with VPAI













































Pure CNTs CNTs/PEDOT:PSS+0% IPA
CNTs/PEDOT:PSS+10% IPA CNTs/PEDOT:PSS+20% IPA
102 nm
Figure 8.4: Atomic force microscope images of pure CNTs, and CNTs spin-coated with
a mixture of PEDOT:PSS (VPAI) and 0, 10, and 20 vol.% isopropyl alcohol (IPA).
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resulting topography can be seen in Figure 8.4. In comparison to pure CNTs, the surfaces
of CNTs coated with mixtures of VPAI and 0, 10 and 20 vol.% IPA appear much smoother.
This impression is supported by comparatively lower height differences of about 20 nm for
the VPAI/IPA mixtures instead of 80 nm for pure CNTs. Furthermore, all planarized sys-
tems exhibit significantly lower surface roughness of about 4 to 5 nm when compared to
pure CNTs (12.4 nm). These values should be sufficient for a successful implementation as
transparent bottom-electrode in organic solar cells. However, the electrodes coated with
VPAI/IPA are not suitable for respective devices since they show a drastic increase in sheet
resistance of up to 1200 Ω/sq (for 20 vol.% IPA) which might be due to a solvation of CNTs
that increases the junction resistance (cf. Figure 8.3 left).
In the second approach, the spin-coating parameters are adjusted to obtain an electrode
with tolerable roughness. Usually, so-called “Spin curves” are existing for various materials
which enable a prediction of the resulting layer thickness upon using a specific revolution
speed. In general, thicker layers are expected from lower spin speed. However, such spin
curves are not of practical use for planarization layers, since in this case only the resulting
roughness of the electrode is key for a successful solar cell implementation. Therefore, vari-
ous parameters are investigated to optimize the spin-coating process for the corresponding
electrode. Since it shows best results in the previous investigation with VPAI/IPA mixtures,
in all following experiments only pure VPAI is directly spin-coated on CNTs. According to
Ou et al. [351], a two-step spin-coating process with varying parameters is investigated in
this connection. Subsequently, the sheet resistance is measured, atomic force microscope
images are acquired, and the roughness value is extracted. The corresponding pictures of
the AFM measurements are shown in Figure 8.5 and the data on spin speed, holding time,
sheet resistance, and roughness values are listed in the table below.
By comparing the AFM picture of pure CNTs with pictures of CNTs coated with VPAI,
much smoother surface can be seen. In detail, the height difference of pure CNTs of about
80 nm is slightly reduced toward approximately 50 nm for process 1) (3000 rpm at 30 s),
further reduced toward approximately 40 nm for process 2) (1200 rpm at 90 s and 2000 rpm
at 30 s), and drastically reduced toward approximately 30 nm for process 3) (600 rpm at 90 s
and 2000 rpm at 30 s). This trend is also visible when considering the corresponding values
of the surface roughness such that pure CNTs exhibit the highest roughness of 12.4 nm. By
spin-coating of VPAI, a lower roughness of 5.5 nm is achieved for process 1), an even lower
value of 4.0 nm is obtained for process 2) and the lowest roughness value of 3.5 nm could be
determined for process 2). Since thicker layers should result in an improved planarization
behavior and therefore a lower surface roughness, these observations are in good accordance
with the commonly known behavior that lower spin speeds yield thicker layers. In particular
process 3) yields a very planar and smooth electrode with a reasonable roughness value of
around 3.5 nm which is definitely suitable for the implementation as transparent bottom-
electrode in organic solar cells since it exhibits also a sufficient sheet resistance of 73 Ω/sq
being only slightly higher than for a pure CNT electrode (49 Ω/sq). Nevertheless, the
increase in sheet resistance upon coating with VPAI and various spin-coating parameters
does not follow a clear trend. In principle, small amounts of CNTs should be dissolved from
the surface of the electrode during spin-coating. In particular, for higher spin speed, a higher
amount of CNTs is expected to be torn away from the substrate due to higher centrifugal
forces. This assumption is in good accordance with process 2) and 3). Due to using a lower
spin speed in the first step of process 3), a lower sheet resistance of the respective sample
is measured (73 instead of 84 Ω/sq). In contrast, process 1) with highest speed of 3000 rpm
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3) 600rpm, 90s + 2000rpm, 30s
1) 3000rpm, 30s
2) 1200rpm, 90s + 2000rpm, 30s
Process Spin speed Holding time Sheet resistance Roughness
[ rpm] [ s] [ Ω/sq] [ nm]
Pure CNTs - - 49 12.4
1 3000 30 56 5.5
2 1200 90 84 4.0
2000 30
3 600 90 73 3.5
2000 30
Figure 8.5: Atomic force microscope measurements on pure CNTs, and CNTs spin-
coated with PEDOT:PSS (VPAI) using different process parameters.
shows the lowest sheet resistance of 56 Ω/sq being not significantly higher than in the pure
CNT film (49 Ω/sq). Accordingly, the holding time also seem to have an influence on the
observed sheet resistance drop. Since longer times lead to higher sheet resistance, the higher
contact time with solution may dissolve somewhat more CNTs from the initial electrode.
All in all, process 3) (600 rpm at 90 s and 2000 rpm at 30 s) is found to yield sufficiently
smooth CNT/VPAI structures for the implementation as transparent bottom-electrode in
organic solar cells with a low roughness of (3.5 nm) and a sheet resistance which is not
significantly higher than in pure CNTs.
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8.3 Implementation to Small Molecule Organic Solar
Cells
Finally, carbon nanotube networks are implemented as transparent bottom-electrode in
highly efficient small molecule-based organic solar cells. In order to guarantee a large number
of application possibilities, the CNTs are investigated in various solar cell architectures.
In detail, common p-i-n type stacks, inverted n-i-p type cells, and more sophisticated p-
n-i-p type structures with DCV2-5T-Me:C60 as well as recently emerged highly efficient
cascade cells [350] are investigated. For that purpose, the as-received CNT network from
our project partner Canatu is prepared according to the optimized planarization procedure
evaluated in Section 8.2.2 under planarization with PEDOT:PSS. It is found that spin-
coating of the lowly conductive PEDOT:PSS formulation VPAI (cf. Section 4.2.1 under
planarization) in a two-step process with 600 rpm at 90 s and 2000 rpm at 30 s yields very
smooth CNT electrodes. However, PEDOT:PSS lowers the long-term stability of respective
devices (cf. Section 3.1.1 under low surface roughness). Therefore, in some cases it is striven
to keep the PEDOT:PSS amount in the electrode as low as possible. This is done by
thermally evaporating comparatively thick transport layers between the electrode and the
solar cell stack.
8.3.1 Carbon Nanotubes in p-i-n type Organic Solar Cells
In the first stage, p-i-n structures according to Section 2.2.3 utilizing the highly efficient
donor DCV2-5T-Me are investigated. The corresponding stack is depicted in Figure 8.6.












Figure 8.6: P-i-n type organic solar cell stack as used for CNT bottom-electrodes.
non-inverted stack is used to reduce interfacial issues between the planarizing PEDOT:PSS
layer and the device stack. PEDOT:PSS is also a HTL exhibiting a work function of
5.1 eV [306]. This is comparable to the HOMO of BPAPF (5.3 eV1) which is used as HTL
in the solar cell stack. Therefore, a barrier-free transition at the PEDOT:PSS/BPAPF
1measured by Dr. Selina Olthof (IAPP)
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interface is expected. In order to study the influence of the planarization of the various
CNT electrodes on the solar cell efficiency, HTL thickness 𝑑HTL values of 50, 100, and
150 nm are chosen. As CNT electrodes, pure CNTs on PET, CNTs on PET spin-coated with
VPAI or TFB, as well as CNTs on flexible moisture barrier film (ORM, cf. Section 4.1.1
under moisture barrier substrate) planarized with VPAI are investigated. Additionally,
ITO-based devices with identical stacks are fabricated on glass. The corresponding current-
voltage-characteristics, characteristic parameters, and EQE spectra of all these devices are
depicted in Figure 8.7 and 8.8. It is noteworthy that all the 𝑗-𝑉 -data shown in Figure 8.7
and 8.8 are measured without mask leading to a more or less pronounced overestimation of
the absolute 𝑗SC values particularly for the CNT cells. Due to the use of a different sample
layout (cf. Figure 4.6) than for the ITO devices, the active area is slightly larger than in the
standard layout.
Considering the 𝑗-𝑉 -curves of solar cells with an ITO electrode in Figure 8.7, all three
devices show comparable performance. Independent of the HTL thickness, the PCE is
approximately 4.8 % as the characteristics are superimposed. This trend is accompanied by
constant open-circuit voltage 𝑉OC values of 0.97 V and saturation factors 𝑆𝑎𝑡 around 1.1.
Although fill factor 𝐹𝐹 and short-circuit current density 𝑗SC are slightly fluctuating, they
do not significantly influence the PCE. In particular, the observation of a fairly constant
𝑗SC is somewhat unexpected since this parameter is generally dependent on the thickness
of the transport layers. This dependency originates from a shift of the maximum of the
electric field distribution inside the thin-film device upon thickness variation. Nevertheless,
the influence is much more pronounced if the thickness of the transport layer next to the
opaque electrode is changed. Since the incident light is typically reflected at the non-
transparent electrode, the thin-film optics are not significantly influenced by changing the
thickness of the transport layer on the far side of the solar cell stack next to the transparent
electrode [353]. Even though, a slight decrease in 𝑗SC is visible due to a not negligible
absorption of very thick transparent transport layers. This observation is supported by the
behavior of the corresponding EQE spectra. The thicker the HTL thickness, the lower the
EQE over the entire spectral range.
The investigations of pure CNTs reveal well-working devices only for HTL layer thick-
nesses greater than 100 nm. At 𝑑HTL = 50 nm an almost completely shorted solar cell with
a very low PCE of 0.05 % can be obtained, suggesting a fairly high roughness of pristine
CNTs. Although the performance significantly increases with higher 𝑑HTL, the influence of
rough CNTs is still visible as the 𝑉OC does not reach the ITO level (maximum 0.88 V instead
of 0.97 V) which is supported by high currents under reverse bias and high 𝑆𝑎𝑡 (minimum
1.39 V instead of 1.07 V). Furthermore, rather low 𝐹𝐹 values of less than 35 % can be ob-
served. Apart from that, comparatively high 𝑗SC values are observed for 𝑑HTL ≥ 100 nm
which is in good accordance with the behavior of the EQE spectra. In summary, working
devices with reasonable PCE could be achieved although one would expect only shorted de-
vices from pure CNTs with such high surface roughness of 12.4 nm (cf. Section 8.2.1 under
surface roughness).
Next, pure CNTs planarized with either a spin-coated layer of lowly conductive PE-
DOT:PSS (VPAI) or TFB (cf. Section 4.2.1 under planarization) are investigated. Con-
sidering first the VPAI coated CNTs, in particular for the thickest HTL of 150 nm, a solar
cell device with comparable performance to the ITO-based devices could be achieved. Since
the 𝑉OC of 0.95 V is fairly close to the ITO value (0.97 V), the electrode seems to be suffi-
ciently planarized which is supported by a only slightly higher 𝑆𝑎𝑡 of 1.18 than for the ITO
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devices (1.07). Although this CNT cell exhibits a higher PCE than the reference devices
(5.13 % instead of 4.74 %), the EQE shows a deviating behavior. When compared to the
ITO devices, the EQE spectra are lower over the entire spectral range suggesting lower 𝑗SC
values. This is due to the fact, that the 𝑗-𝑉 -measurement of the CNT cells is not carried
out with mask such that the obtained 𝑗SC values are not corrected for the effective active
area of the device. Nevertheless, CNTs planarized with VPAI enable very promising solar
cells with comparable 𝑉OC, 𝐹𝐹 , and 𝑆𝑎𝑡 to ITO-based devices. Almost the same trend as
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Figure 8.7: Current-voltage-characteristics, characteristic parameters, and EQE spec-
tra of p-i-n type solar cells with ITO and CNTs as bottom-electrode. For CNT electrodes,
pure CNTs on PET and CNTs on PET with a planarizing PEDOT:PSS layer are used.
For all shown devices, 50, 100, and 150 nm is chosen for the thickness of the hole trans-
port layer 𝑑HTL.
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for CNTs planarized with VPAI can be observed in solar cells comprising CNTs with a TFB
planarization layer (cf. Figure 8.8). While the devices with 50 and 100 nm thick HTLs are
nearly completely shorted, a reasonable performance of 3.83 % PCE for the thickest HTL
of 150 nm can be achieved. However, when compared to the CNT device with VPAI pla-
narization, a lower 𝑉OC of 0.89 V instead of 0.95 V and a higher 𝑆𝑎𝑡 of 1.65 instead of 1.18 is
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Figure 8.8: Current-voltage-characteristics, characteristic parameters, and EQE spec-
tra of p-i-n type solar cells with CNTs as bottom-electrode. For CNT electrodes, pure
CNTs on PET with a planarizing TFB layer and CNTs on flexible moisture barrier film
(ORM) planarized with VPAI are used. For all shown devices, 50, 100, and 150 nm is
chosen for the thickness of the hole transport layer 𝑑HTL Additionally, all investigated
CNT electrodes from this figure and Figure 8.7 are compared at a fixed HTL thickness of
150 nm.
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visible in the solar cells comprising TFB. This observation suggests a rough electrode such
that the CNTs are not sufficiently planarized by TFB. Furthermore, a comparatively lower
𝐹𝐹 of only 37.0 % can be observed indicating a bad charge carrier collection of the electrode.
In contrast, a high 𝑗SC value of 11.70 mA/cm2 can be measured which is not fully supported
by the EQE measurement as the peak value at 600 nm is fairly high but not as high as
for ITO (0.57 instead of 0.60). All in all, VPAI enables a sufficient planarization which is
not only pronounced in the stand-alone electrode (cf. Section 8.2.2 under planarization with
PEDOT:PSS) but also in application to solar cell devices.
According to the successful results on CNTs on PET which are planarized with VPAI (cf.
previous paragraph), CNTs on flexible moisture barrier film (ORM) are investigated with
a VPAI planarization as well. The performance of the ORM/CNT/VPAI cell with thickest
HTL of 150 nm is fairly comparable to the ITO cell. In detail, the CNT cell exhibits a
comparable 𝑉OC of 0.94 V (instead of 0.97 V), 𝐹𝐹 of 53.3 % (instead of 52.8 %), and 𝑆𝑎𝑡
of 1.10 (instead of 1.07). Considering the dependency of the characteristic parameters on
𝑑HTL, a clear trend toward an improvement of cell performance is visible upon increase in
thickness such that the 𝑉OC, the 𝐹𝐹 , the 𝑗SC, and consequently also the PCE are enhanced.
In particular the development of the 𝑗SC correlates with the trend in the corresponding
EQE spectra since the peak value at 600 nm scales in the same way than the 𝑗SC. All in all,
the ORM/CNT/VPAI system seems to deliver the most suitable CNT-based transparent
bottom-electrode among all investigated CNT electrodes. In comparison to ITO devices,
this system allows the fabrication of solar cells exhibiting an almost identical performance
regarding 𝑉OC, 𝐹𝐹 , and 𝑆𝑎𝑡.
Since the 𝑗-𝑉 -data presented in Figure 8.7 and 8.8 is acquired without using a mask, the
solar cells are remeasured with mask to obtain the correct short-circuit current density. In
Figure 8.9, the best CNT device is shown in comparison to the reference device comprising
ITO on glass as transparent bottom-electrode. The CNT solar cell exhibits a slightly lower
PCE of 3.96 % than ITO device (4.74 %). This is mainly due to a comparatively lower
short-circuit current density 𝑗SC of 7.89 mA/cm2 instead of 9.28 mA/cm2. Furthermore,
the open-circuit voltage 𝑉OC of 0.94 V is slightly lower than that of the ITO cell (0.97 V).
In contrast, the fill factor 𝐹𝐹 and the saturation 𝑆𝑎𝑡 are comparable (53.3 % vs. 52.8 %
and 1.09 vs. 1.07). The lower 𝑉OC is probably due to fairly little pronounced shorts in
the corresponding devices which might be induced by a not enough planarized electrode.
On the other hand, dust might not be totally removed from the pristine CNT film by the
contact cleaner “Nanocleen” (cf. Section 4.1.1 under carbon nanotube networks) used prior
to the planarization with VPAI. Accordingly, some of the remaining dust particles stick out
of the VPAI layer and lead to shorts in the device. However, the 𝑉OC deviation between the
CNT and the ITO device is fairly low, which is accompanied by comparable 𝑆𝑎𝑡 factors.
Therefore, one can assume the existence of a small barrier at the PEDOT:PSS/BPAPF
interface.
The significantly lower 𝑗SC of the CNT cell may originate from non-optimized thin-
film optics. However, this can be excluded since the optical interference pattern is not
significantly influenced by changing the thickness of the transport layer on the far side of
the solar cell stack (see above). Therefore, the substrate temperature during deposition
of the BHJ may deviate from its nominal value since the heating system is calibrated for
ITO on glass and not for CNTs on PET. In order to prevent such a deviation, the system is
recalibrated prior to the fabrication. Still, a significant difference in morphology is a possible
explanation since different substrates can easily change the growth behavior of the following
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Figure 8.9: Direct comparison of current-voltage-characteristics and characteristic pa-
rameters of p-i-n type solar cells comprising ITO or the best CNT system (CNTs on
flexible moisture barrier film (ORM) and planarized with lowly conductive PEDOT:PSS
(VPAI)) as transparent bottom-electrode.
layers [320–322], and can therefore reduce the efficiency of the DCV2-5T-Me:C60 BHJ [8].
Besides morphology, also the low conductivity of the VPAI can reduce the performance of
the CNT cell. Since the slope in forward direction of the 𝑗-𝑉 -curve is lower than for ITO,
a higher series resistance is expected in the CNT device (cf. Section 2.2.4). However, a
lower series resistance does not decrease the 𝑗SC of solar cells (cf. Figure 2.18). Therefore,
the commonly lower transmittance of CNT electrodes is a reasonable explanation for the
reduced 𝑗SC in the CNT cell.
Nonetheless, an organic p-i-n type solar cell employing CNTs on flexible moisture barrier
film could be successfully prepared by using the lowly conductive PEDOT:PSS formulation
VPAI and a thick HTL of 150 nm as planarization layers. Thereby, a PCE of 4 % is achieved
which is in the range of an identically prepared ITO cell (4.7 %).
8.3.2 Carbon Nanotubes in p-n-i-p and n-i-p type Organic Solar Cells
Another approach is the utilization of a p-n-i-p structure which is already explained in
Section 4.2.4 and depicted in Figure 4.6. As in the previous section, the highly efficient donor
DCV2-5T-Me is utilized in combination with C60 in a BHJ which usually gives higher PCE
in a n-i-p architecture. Nonetheless, for the implementation of CNTs as bottom-electrode,
planarizing PEDOT:PSS layers need to be introduced between the CNTs and the solar cell
stack. For that reason, a thick HTL is deposited on the planarized CNT electrode prior to
the layer sequence of the device. On the one hand, this HTL enables a fairly barrier-free
PEDOT:PSS/HTL interface for transiting charge carriers and on the other hand it allows
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for additional planarization of the rough CNTs. Since sufficient recombination contacts
utilizing doped transport layers are well-known from small molecule tandem solar cells
[307], the efficient n-i-p stack comprising DCV2-5T-Me:C60 can be directly deposited on the
CNT/PEDOT:PSS/HTL system leading to the rather complicated p-n-i-p structure. Even
though it seems not too promising, the performance of CNTs is experimentally investigated
in a n-i-p stack architecture also. In detail, the n-i-p solar cell is identical to the p-n-i-p stack
with the difference that the first p-type layer is left out, the thickness of the n-type layer
is increased toward 50 nm (instead of only 5 nm), and an additional layer of pure n-type
dopant W2(hpp)4 (1 nm) is used to improve the contact behavior at the PEDOT:PSS/ETL
interface. The corresponding 𝑗-𝑉 -data of CNTs in p-n-i-p and in n-i-p geometry as well as
the 𝑗-𝑉 -curve of a p-n-i-p cell with an ITO bottom-electrode is shown in Figure 8.10. Note
that the 𝑗SC values are obtained by using a mask of a size of 4.69 mm2 but are not corrected
for spectral mismatch.
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Figure 8.10: Current-voltage-characteristics and characteristic parameters of solar cells
comprising the best CNT system (CNTs on flexible moisture barrier film (ORM) and
planarized with lowly conductive PEDOT:PSS (VPAI)) in a p-n-i-p and a n-i-p geometry,
and ITO in a p-n-i-p structure.
Considering first p-n-i-p devices, both CNT as well as ITO-based cells exhibit high
performance as their corresponding PCE is higher than 5.5 %. In particular the cell with
ITO as bottom-electrode shows a higher PCE of 6.09 % than the CNT device (4.81 %). The
lower performance of the CNT solar cell can be mainly attributed to a lower fill factor of
57.8 % instead of 64.3 % and to a lower 𝑗SC of 8.76 mA/cm2 instead of 10.19 mA/cm2. The
loss in 𝑗SC can be explained by similar effects already discussed in the second last paragraph
of Section 8.3.1. In detail, a shifted maximum of the standing wave inside the solar device, a
different BHJ morphology due to deviating substrate temperature during deposition of the
BHJ or due to different substrate surface, or a lower transmittance of CNT electrodes can
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negatively influence the 𝑗SC. The lower fill factor might arise from a lower series resistance
of the cell which can be seen in the lower slope in forward bias (cf. Section 2.2.4) and can
be attributed to the higher sheet resistance of the CNT electrodes. Nonetheless, the CNT
electrode seems to be sufficiently planarized by the lowly conductive PEDOT:PSS (VPAI)
and the thick HTL as the cell’s 𝑉OC exhibits a comparable value of 0.92 as for the ITO solar
cell (0.94 V). This observation is supported by identical saturation behavior under reverse
bias (𝑆𝑎𝑡 of both cells = 1.07).
In the n-i-p device comparable characteristic parameters as for the p-n-i-p cell can be
obtained, although the corresponding solar cell is directly deposited on the electrode without
using an efficient small molecule recombination contact as described above. However, the
disadvantage of a too thin planarization layer can be clearly seen as the 𝑆𝑎𝑡 is significantly
higher than in the p-n-i-p solar cell (1.19 instead of 1.07). In addition, a slightly lower fill
factor of 52.8 % instead of 57.8 % (p-n-i-p cell) can be observed in the n-i-p cell. Nonetheless,
a higher PCE of 5.42 % (instead of 4.81 %) can be achieved with the n-i-p structure due to a
comparatively higher 𝑗SC of 11.21 mA/cm2 (instead of 8.76 mA/cm2). This is most probably
due to a changed BHJ morphology upon different surfaces below the photo-active layer. On
the other hand, it can be due to a lower parasitic absorption since thinner transport layers
are used in the n-i-p stack.
In summary, highly performing CNT-based organic solar cells can be achieved by using
the lowly conductive PEDOT:PSS formulation VPAI as planarization and either utilizing
a p-n-i-p or a n-i-p architecture. In comparison to an n-i-p solar cell comprising CNTs
(PCE=5.42 %), the p-n-i-p device with ITO exhibits a slightly higher PCE of 6.09 % and
the p-n-i-p cell a lower PCE of 4.81 %.
8.3.3 Silver Nanowire/Carbon Nanotube Hybrid Electrode in p-n-i-p
type Organic Solar Cells
The aim of implementing a AgNW/CNT hybrid structure is to increase the charge collection
efficiency of AgNW electrodes. Some experiments about AgNWs indicate that not all charge
carriers are homogeneously extracted all over the interface between AgNWs and the sub-
sequent solar cell layer (cf. Section 8.1 and reference [97]). The characterization regarding
surface roughness and optoelectronic performance of the corresponding stand-alone hybrid
electrode is previously shown in Section 8.2.1. Since yielding a CNT cell with highest PCE,
the p-n-i-p architecture is used for implementation into solar cells comprising the hybrid
electrode. Prior to the incorporation, a planarizing PEDOT:PSS layer is spin-coated ac-
cording to the optimized procedure already evaluated in Section 8.2.2 under planarization
with PEDOT:PSS. In Figure 8.11, the resulting 𝑗-𝑉 -data is compared to the p-n-i-p struc-
tures comprising CNTs (cf. Figure 8.10) and AgNWs with a diameter of 35 nm (AgNW-35)
(cf. Figure 5.9).
While the curves of the CNT only cell and the AgNW-35 cell nearly superimpose, the
AgNW/CNT hybrid electrode shows very low performance as can be seen in the significantly
lower fill factor of 31.7 %, short-circuit current density of 2.26 mA/cm2 and open-circuit
voltage 0.65 V. The lower 𝑉OC indicates a distinctly higher electrode roughness which is
supported by higher saturation than for the CNT or AgNW-35 only cells. Obviously the
hybrid electrode still exhibits a comparatively rough surface, although the optimized pla-
narization procedure for CNTs is used. This observation suggests the necessity of a tailored
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Figure 8.11: Current-voltage-characteristics and characteristic parameters of p-n-i-p
solar cells comprising AgNW/CNT hybrid electrode, the best CNT system (CNTs on
flexible moisture barrier film (ORM) and planarized with lowly conductive PEDOT:PSS
(VPAI)), and AgNWs as transparent bottom-electrodes.
planarization for the AgNW/CNT hybrid electrode. A further point for this assumption
is that typically argon plasma is used to improve the wetting behavior of PEDOT:PSS on
AgNWs. Since the plasma can not be applied to CNTs due to severely damaging the tubes
(cf. Section 8.2.1 under cleaning), omission of this treatment also changes the wetting for
the hybrid electrode and therefore the planarization ability. The extremely low 𝑗SC should
originate from a profound change of the BHJ morphology which is in accordance with the
observation that the color of the photo-active layer appeared completely different from the
usual case. On the other hand, the cavity effect inside the device can be significantly dis-
turbed by a high scattering at the AgNW/CNT hybrid structure. In addition, a distinctly
higher absorption of the hybrid electrode (cf. Section 8.2.1 under optoelectronic perfor-
mance) can also explain such a large 𝑗SC difference in comparison to CNT and AgNW-35
only cells. In order to obtain highly conductive and highly transparent hybrid electrodes
which furthermore enable a high charge collection efficiency as suggested above, a thorough
analysis of the appropriate ratio between CNT and AgNW content needs to be carried out.
For that purpose, numerous hybrid electrode-based solar cell devices with a systematic vari-
ation in CNT and AgNW content need to fabricated. This goes completely beyond the scope
of this work which predominantly deals with transparent metallic nanowire electrodes.
In summary, a first working organic solar cell with a hybrid electrode comprising CNTs
and AgNWs could be fabricated. The corresponding device currently shows a weak per-
formance in comparison to those solar cell employing CNTs and AgNWs only which could
be mainly attributed to a significant change of the BHJ morphology and to a high surface
roughness of the prepared electrode. In this connection, the already proven planarization
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procedure for CNT only electrodes needs to be reviewed and renewed. Thus, the fabrication
of more efficient solar cells employing AgNW/CNT hybrid structures should be possible.
Finally, these may enable a detailed analysis of the optimum CNT:AgNW ratio for highly
conductive and highly transparent hybrid electrodes with high charge collection efficiency.
8.3.4 Carbon Nanotubes in Cascade Organic Solar Cells
Recently, cascade organic solar cells attracted the attention in literature as the corresponding
layer sequence of such devices is fairly simple, omits fullerenes like 𝐶60 and allows for high
PCEs of 8.4 % [350]. In the corresponding solar cells (cf. Figure 8.12), a three layer photo-
active architecture consisting of two acceptors (SubNc and SubPc) and one donor (𝛼-6T) is
utilized to generate and dissociate excitons. In particular, excitons generated in the remote
wide-gap acceptor (SubPc) are transferred by long-range Förster transfer (cf. Section 2.1.3)







Figure 8.12: Cascade organic solar cell stack as used for CNT and ITO bottom-
electrodes. In this specific architecture, excitons generated in the remote wide-gap accep-
tor (SubPc) are transferred by long-range Förster transfer through the low-gap acceptor
(SubNc) toward the donor (𝛼-6T) interface. As planarization for CNTs and hole trans-
port material for ITO a spin-coated layer of lowly conductive PEDOT:PSS (VPAI) is
used.
In order take advantage of that high performing solar cells, CNT bottom-electrodes are
consistently planarized with a spin-coated layer of lowly conductive PEDOT:PSS (VPAI)
according to the optimized procedure already described in Section 8.2.2 under Planarization
with PEDOT:PSS. ITO on glass is coated with VPAI as reference electrode. Subsequently,
the cascade stack as depicted in Figure 8.12 is deposited on top of both electrodes. The cor-
responding 𝑗-𝑉 -curves are shown in Figure 8.13. Note that the 𝑗SC values are not corrected
for spectral mismatch.
The ITO cell exhibits a significantly higher power conversation efficiency of 6.94 % than
the CNT-based cascade device showing a PCE of 4.83 %. This deviation originates mainly
from lower 𝑉OC (0.96 V vs. 1.02 V) and 𝑗SC (9.35 mA/cm2 vs. 12.96 mA/cm2) of the CNT
cell. In contrast, the CNT cell’s fill factor is slightly higher (52.1 % vs. 50.5 %). Since the
𝑉OC of the CNT device is lower than in the ITO cell, the surface of the CNT electrode
seems to be too rough for an appropriate solar cell implementation. The higher 𝑆𝑎𝑡 of
the CNT cell (1.17 instead of 1.11) supports this assumption, such that the omission of
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Figure 8.13: Current-voltage-characteristics and characteristic parameters of cas-
cade solar cells comprising the best CNT system (CNTs on flexible moisture bar-
rier film (ORM) and planarized with lowly conductive PEDOT:PSS (VPAI)) and
Glass/ITO/VPAI as transparent bottom-electrodes.
a thermally evaporated HTL material as additional planarization (cf. other CNT solar
cells presented in this section) might be the actual reason for this deviation. However,
the most significant difference between both cells is visible in the 𝑗SC. According to a
distinctly lower transmittance of the CNT electrode (cf. Section 8.2.1 under optoelectronic
performance), the difference in 𝑗SC can be attributed to the resulting parasitic absorption.
In addition, maybe the BHJ morphology is negatively influenced by a different electrode
surface such that the growth of the subsequent layers is significantly changed leading to a
less efficient exciton dissociation and therefore to a lower 𝑗SC. Furthermore, the maximum
of the standing wave inside the CNT cascade device is probably not properly centered in
the absorber system since no transport layers can be utilized for light management in this
specific structure. Considering the CNT curve above 𝑉OC, a distinctly lower slope can be
seen when compared with the ITO characteristics. Lower forward currents can be attributed
to a lower conductivity of the used electrode since the series resistance of the complete device
is higher for lower slope (cf. Section 2.2.4). Nonetheless, the lower sheet resistance of CNTs
does not negatively influence the solar cell performance since otherwise the fill factor would
be lower as well (cf. Figure 2.18).
In summary, a first working cascade organic solar cell comprising CNTs as transparent
bottom-electrode could be achieved. Although its PCE is slightly lower than that of an
identically prepared ITO cell, currently there are promising possibilities for an improvement
as additional planarization approaches like depositing a comparatively thick HTL are not




In Summary, CNTs are characterized and optimized for implementation in small molecule
organic solar cells. For that purpose, various cleaning and structuring as well as planariza-
tion procedures are evaluated. These are only processes which do not significantly reduce the
optoelectronic performance of the CNT electrode but improve the high initial surface rough-
ness. Accordingly, CNTs are only cleaned with a contact cleaner, the structuring is addressed
by slightly adjusting the standard sample layout used in this work (cf. Figure 4.5 (a) vs. (b)),
and the CNTs are planarized with layers of lowly conductive PEDOT:PSS (VPAI) using a
two-step spin-coating process (600 rpm at 90 s and 2000 rpm at 30 s). Furthermore, a hybrid
electrode comprising CNTs and AgNWs is investigated as stand-alone electrode and posi-
tively evaluated for the implementation in organic solar cells. Finally, CNTs are successfully
incorporated in several solar cell architectures such as common p-i-n type stacks, inverted
n-i-p type cells, recently emerged highly efficient cascade cells [350], and more sophisticated
p-n-i-p type solar cells. Regarding their individual performance, CNT-based devices exhibit
comparable or lower performances when compared to ITO cells. While the AgNW/CNT
hybrid electrode shows a comparatively low PCE of 0.47 %, higher efficiencies are obtained
with the p-i-n type architecture (3.96 %) and cascade cells (4.83 %) as well as with the p-n-i-
p structure (4.81 %). In particular for CNTs implemented in an inverted n-i-p stack design,







In the course of this work, novel concepts to prepare highly performing
transparent electrodes for small molecule organic solar cells are investigated.
In particular, studies on randomly distributed silver nanowire networks re-
veal further advancements, novel approaches, and a deeper understanding of
transparent, large area, and flexible nanowire electrodes. In addition, carbon
nanotube networks are investigated as alternative network-type, transparent
bottom-electrode. Subsequent to the investigation, characterization, and opti-
mization of the stand-alone electrode performance, both silver nanowires and
carbon naotubes are implemented in small molecule organic solar cells utilizing
the long-term experience of the Institute for Applied Photophysics (IAPP).
Matrix Assisted Low-temperature Fusing of Silver Nanowires
A further advancement in low-temperature processing of silver nanowire networks as highly
conductive and transparent bottom-electrode for small molecule organic solar cells has been
investigated. Inspired by a publication on room temperature sintering of silver nanoparticles,
an alternative way to achieve low-temperature processed, highly conductive silver nanowire
electrodes is developed. This approach avoids coating of the acidic and hydrophilic polymer
PEDOT:PSS on the electrode and the necessity of mixing complicated silver nanowire inks.
In common dispersions, the nanowires are stabilized by a polymer material (polyvinylpyrroli-
done) to prevent the wires from decomposing. By using the interactions between this
shell and the substrate or an organic sublayer, a simple, low-temperature method could be
achieved. This method allows for the fabrication of highly conductive silver nanowire elec-
trodes which are processed at less than 80 ∘C. In detail, different non-conductive organic
materials have been evaluated as sublayer below spray-coated silver nanowire networks.
They act as a matrix where the nanowires are embedded and enable a significant reduc-
tion in sheet resistance. In comparison to high-temperature processed reference electrodes
without sublayer, a slightly lower sheet resistance is achieved with this novel approach. In
order to get a deeper look inside the basic process, different sublayer materials, with varying
properties as well as increasing layer thickness are investigated. The resulting optoelectronic
properties sheet resistance, transparency, and figure of merit are measured and calculated.
Analyzing this data alongside with scanning electron microscope measurements, the basic
mechanism of the sheet resistance reduction is deduced. Basically, this process is mediated
by the the ethanol contained in the nanowire dispersion. In connection with sublayer mate-
9 Conclusion
rials exhibiting hydrophobic and hydrophilic groups, an interaction with the nanowire and
the substrate surface can be established such that a mutual attraction based on capillary
forces and hydrophobic interaction is created. Consequently, the contact area between two
wires is enhanced. As a result, the junction resistance is also reduced, and therefore the
sheet resistance of the entire silver nanowire network as well. Inspections with the scanning
electron microscope reveal two slightly different appearances at the wire junctions. The
usually rigid and stacked rods of the as-deposited wires are changed by the interaction with
the organic matrix. A part of them is softened (“Spaghetti effect”), creating conformally
overlapping wires at the junctions. Another part seems to fuse with adjacent nanowires at
the junctions. The largest sheet resistance reduction of all investigated materials is obtained
by using polyvinylpyrrolidone as sublayer. Corresponding silver nanowire electrodes exhibit
a sheet resistance of 10.8 Ω/sq at a transparency of 80.4 % although they are not annealed.
This sheet resistance is lower than in post-annealed references (without sublayer) which are
treated for 90 min at 210 ∘C. Finally, the novel electrode is implemented in organic solar
cells. In comparison to annealed silver nanowire networks, it is able to enhance the per-
formance of corresponding devices and can compete with ITO-based solar cells while the
involved process temperatures are less than 80 ∘C.
Silver Nanowire Networks as Transparent Top-electrodes
A novel and scalable approach for silver nanowire networks as highly conductive and trans-
parent top-electrode for organic optoelectronic devices has been introduced. Herein, an inert
silver nanowire dispersion is developed which can be directly spray-coated onto vacuum-
processed small molecule organic solar cells. Since offering high aspect ratio (length vs.
diameter), commonly synthesized silver nanowires are used in this connection. Addition-
ally, a perfluorinated methacrylate is utilized to modify the nanowire shell. Thereby, a
completely new dispersion is obtained in which silver nanowires are dispersed in highly fluo-
rinated solvents. These inert solvents do not dissolve any material which is non-fluorinated.
Since most organic compounds do not contain fluorine atoms or only a negligible amount,
the novel dispersion is compatible with most small molecule and polymer-based organic
optoelecronic devices in general. As a result, stacks of small molecule-based organic light-
emitting diodes stay operational in these highly fluorinated solvents, even if the solvents
were heated up to boiling point. Therefore, these inert solvents are used in labs of various
institutes for pattering by means of photolithography. By spray-coating of the inert silver
nanowire dispersion highly performing stand-alone electrodes are achieved. They exhibit
a sheet resistance of 10.0 Ω/sq at 87.4 % transparency (80.0 % with substrate) directly af-
ter low-temperature deposition at 30 ∘C and without further post-processing. Finally, the
successful deposition of the inert silver nanowire dispersion onto vacuum-processed and
solvent-sensible organic p-i-n type solar cells is presented. The simple, air-exposed devices
exhibit reasonable power conversion efficiencies of 1.23 %, similar to a comparably prepared
reference device comprising a thin-metal film as transparent top-electrode. Thus, the first
small molecule-based organic solar cell with a spray-coated silver nanowire transparent top-
electrode could be demonstrated.
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Direct Measurement of Basic Silver Nanowire Network Parameters
In this study, a deeper understanding of the functionality of silver nanowire networks as
transparent electrodes has been achieved. In the first stage, a routine has been programed to
simulate and understand basic percolation processes in nanowire networks. It predominantly
allows the investigation of the general influence of the wire-to-wire junction resistance and
the resistance of a single nanowire on the sheet resistance of the entire network. Moreover,
successful measurements of the basic network parameters, including the junction resistance
𝑅J and nanowire resistance 𝑅NW of pristine and annealed silver nanowire networks have been
carried out for the first time. The resulting data of direct measurement and simulation allows
the calculation of the electrical limit of the nanowire networks used in this work. From the
measurement on the annealed silver nanowires (210 ∘C, 90 min), a 𝑅NW = (4.96±0.18) Ω/𝜇m
and 𝑅J = (25.2±1.9) Ω can be obtained. By putting these values into the simulation routine,
one is able to fit the simulated sheet resistance curve with the corresponding data of real
silver nanowire networks. Hereby, a good accordance between measurement and simulation
could be achieved. This allows an examination of the electrical limit of the nanowire system
used in this work by extrapolating the junction resistance down to zero. Thereby, it was
discovered that the annealed silver nanowires are fairly close to the limit with a theoretical
enhancement range of only 20 % (common absolute 𝑅S ≈ 10 Ω/sq). Therefore, one can
conclude that a significant performance improvement will only be possible via a geometrical
enhancement. In particular, the nanowire aspect ratio (length vs. diameter) needs to
be increased, which means that wires with larger lengths are required. Nonetheless, very
long nanowires possess serious practical problems for organic solar cells. Due to the poor
local contact between solar cell devices and noncontinuous nanowires, low charge carrier
extraction and therefore a low fill factor is expected. Accordingly, the incorporation of
conducting interlayers or implementation of new beneficial network arrangements, e.g. bio-
inspired structures, are ultimately important to maintain sufficient fill factors.
Carbon Nanotubes as Transparent Bottom-electrodes
Besides silver nanowires, carbon nanotube networks have been investigated as transparent
bottom-electrode for small molecule organic solar cells in the course of this thesis. In order
to guarantee a sufficient implementation in organic solar cells, first of all the as-received
carbon nanotubes are characterized and optimized. For that purpose, various cleaning and
structuring as well as planarization procedures are evaluated. These are only processes
which do not significantly reduce the optoelectronic performance of the carbon nanotube
electrode but improve the high initial surface roughness. Due to being harmed by most
solvents, carbon nanotubes are only cleaned with a contact cleaner. The structuring is
addressed by slightly adjusting the standard sample layout used in this work. After inves-
tigating various ineffective one-step coating processes, the carbon nanotubes are planarized
with layers of lowly conductive PEDOT:PSS (VPAI) using a two-step spin-coating process
in which first a slow speed of 600 rpm for 90 s is set. Subsequently, the planarization layer is
dried at a higher speed of 2000 rpm for 30 s. Moreover, a hybrid electrode comprising carbon
nanotubes deposited onto silver nanowires (AgNW/CNT) is investigated. This composite is
positively evaluated for the implementation in organic solar cells. Finally, carbon nanotubes
are successfully incorporated in solar cell architectures. In order to guarantee a higher num-
ber of possible applications, several different stacks are evaluated. In detail, p-i-n type
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9 Conclusion
stacks, inverted n-i-p type cells, recently emerged highly efficient cascade cells, and more
sophisticated p-n-i-p type solar cells are investigated. Regarding the individual performance
of a carbon nanotube in comparison to the ITO-based devices, comparable or lower perfor-
mances are demonstrated. While the AgNW/CNT hybrid electrode shows a comparatively
low power conversion efficiency of only 0.47 %, higher efficiencies are obtained with the p-i-n
type architecture (3.96 %) and cascade cells (4.83 %) as well as with the p-n-i-p structure
(4.81 %). In particular for carbon nanotubes implemented in an inverted n-i-p stack design,
the highest power conversion efficiency of 5.42 % is achieved.
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10 Outlook
Both electrode systems are successfully implemented in small molecule or-
ganic solar cells utilizing highly efficient device architectures. Nonetheless,
open ideas and room for further improvement remained which will be briefly
sketched in this chapter.
In Chapter 5 a facile way to reduce the high post-processing temperatures commonly
involved in the nanowire electrode fabrication has been successfully demonstrated by using
non-conductive polymers as sublayer material. Although the basic principle of the pro-
cess could be well deduced in the course of this work, the investigation of further sublayer
materials would definitely contribute to a broader understanding of the predominant mech-
anism. In addition, further measurement techniques can be carried out to directly prove
the higher interaction between the nanowires and the substrate. For that purpose, a simple
tape test can be used where the transmittance difference of nanowire electrodes before and
after treatment with sticky tape is measured. Furthermore, a contact angle measurement
between a layer of the used silver nanowires and a droplet of the various sublayers might help
to better quantify the interaction between the wires and sublayers. In order to increase the
number of possible applications and to further reduce the cost of the electrode, also other
metallic nanowire materials such as copper can be investigated in the context of this study.
Up to now no improvement of the optical properties of the novel low-temperature electrode
has been addressed. For that purpose, the influence of incorporated scattering particles or
sublayer materials with high refractive indices on the electrode’s total transmittance can be
investigated.
In Chapter 6, a novel and scalable approach for silver nanowire networks as highly
conductive and transparent top-electrode for organic optoelectronic devices has been intro-
duced. Herein, the stabilizer EGC-2702 had a significant function in the modification of the
nanowire dispersion. With the help of said stabilizer, an inert silver nanowire dispersion
could be prepared to spray-coat highly conductive top-electrodes at only 30 ∘C. However,
in corresponding solar cell devices low fill factors are observed, which predominantly sug-
gests a charge extraction barrier between the nanowires and the solar cell stack. Therefore,
the search for different stabilizers may improve the contact behavior between wires and
device. Instead of completely replacing the stabilizer, doping the dispersion with a solution-
processable and highly fluorinated material would also improve this interface barrier. For
a prospective application in a future product, it would be interesting to study if copper
nanowires can be also modified in the same way as the silver wires.
10 Outlook
In Chapter 7, a deeper understanding of the functionality of silver nanowire networks as
transparent electrodes has been achieved. Although the basic network parameters wire-to-
wire junction resistance 𝑅J and resistance of single nanowire 𝑅NW have been successfully
measured for the first time, a comparatively low statistical base is ensured. Since the mea-
surement itself is fairly sophisticated, only a limited amount of values are acquired and
no detailed information about the actual distribution of 𝑅J values inside the investigated
networks could be obtained. In addition, measuring 𝑅NW and 𝑅J of nanowire networks
on various sublayers (cf. Chapter 5) may reveal interesting effects and increase the knowl-
edge on the influence of the sublayer compounds used. Furthermore, the straightforward
approach concerning the transmittance can be improved by using scanning electron micro-
scope measurements. Formerly, the transmittance is defined via the surface coverage, which
is the percental area covered by nanowires. The surface coverage is then assumed to be
equal to the direct transmittance. A possible improvement would be to determine the real
surface density on the investigated sample from corresponding scanning electron microscope
images. Subsequently, this coverage can then be correlated with the surface density used in
the network simulation.
In Chapter 8, carbon nanotube networks have been evaluated as transparent bottom-
electrode for small molecule organic solar cells. Currently, carbon nanotube electrodes
exhibit lower performance than the commonly used indium tin oxide (ITO) or the silver
nanowire networks presented in this work. Although showing the best results among other
carbon tube electrodes, the as-received networks from our project partner Canatu follow
the same trend. Consequently, the solar cells are less efficient than the identically prepared
devices comprsing ITO as transparent bottom-electrode. In detail, mainly the lower trans-
mittance of the carbon nanotube networks reduces the intensity of the incident light such
that a lower short-circuit current density is observed in the carbon nanotube solar cells.
Therefore, state-of-the-art carbon nanotube networks need to be further improved to func-
tion as equal alternative for transparent conducting electrodes in highly efficient organic
solar cells.
Generally, it could be observed for all implemented systems that the roughness of the
electrode needs to be addressed individually and with a high level of consideration since it
was frequently visible that the electrode roughness has a significant influence on the solar
cell performance. Typically, rough electrodes easily produce shorts in the devices leading
to reduced open-circuit voltage and high leakage currents under reverse bias. In addition,
the morphology of the bulk heterojunction is altered such that the absorption profile and
the charge separation ability is reduced. Consequently, the short-circuit current density is
lower, and therefore also the power conversion efficiency of the entire solar cell.
Nonetheless, organic devices will definitely be involved in our future daily life in various
different ways and products. In particularly, in combination with high performing moisture
barriers, highly conductive and transparent silver nanowire networks have the potential to
boost organic solar cells from lab to large scale devices with efficient power conversion and
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